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Abstract
In harvested forests, stand structure varies widely with logging history, yet little is
known about how differences in forest structure affect flight activity in insectivorous
bats (Microchiroptera). In this project, conducted in harvested eucalypt regrowth forests
on the south coast of New South Wales, Australia, I assessed the vertical distribution of
insectivorous bats and their potential aerial prey in relation to structural clutter. I also
assessed various methodological issues relevant to forest-bat research.

Bat echolocation activity and insect abundance were each compared in three vertical
strata (understorey, subcanopy and canopy), two locations (forest and track) and three
time periods (evening, night and dawn), in old and young regrowth sites. Mean bat
activity in the subcanopy and canopy was up to 11 times that in the understorey of
forests, a pattern opposite to that of insect abundance. However, vegetation was more
cluttered and bat activity lower in the upper strata of young, than old, regrowth. Mean
activity on the track was 2-5 times higher than in the forest, particularly at understorey
level where clutter levels differed most. Time of night had little effect on bat activity.
The negative response of bat guilds to increased clutter was strongest in the open-space
guild and weakest in the edge-space guild with the highest frequency calls, as predicted
from echolocation call design.

Although half of the young regrowth sites I used had been silviculturally thinned or
selectively harvested 4-9 years previously, there was no significant effect of thinning,
stratum or their interaction, on the activity of any bat group examined. Thinned
regrowth was less cluttered for some vegetation components, but more for others.
Therefore, thinning may not have been sufficient to remove clutter-induced restrictions
on bat activity.

Predator evasion by insects may influence their spatial distribution in forests and, thus,
their potential availability to bats. For example, atympanate (earless) moths may escape
aerial predation passively using cryptic flight behaviour in proximity to clutter, while
tympanate (eared) moths can detect approaching bats and employ evasive flight
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behaviours. In my insect samples, both eared and earless macromoths (moths with
single wingspan ≥4.5 mm) were significantly more abundant and taxonomically rich in
the cluttered understorey than the upper strata of old and young regrowth forests.
Earless macromoths had greater relative abundance, and were more diverse, in both the
understorey and the foliage-rich canopy than the subcanopy, supporting the possibility
of passive predator avoidance. However, there was little evidence that frequent activity
by echolocating bats in the upper strata of old regrowth forest altered the vertical
stratification of eared moths, via evasive flight responses. Combined, macromoths were
less abundant, in both absolute and relative terms, where bats were most active. This
should confer anti-predation benefits, whether macromoths are hunted preferentially or
opportunistically. The potential availability of flying prey for forest bats clearly varies
with prey group and vertical stratum.

There are likely to be levels of clutter at which even small edge-space bats using highfrequency echolocation are restricted in flight. I assessed the flight patterns of
Vespadelus vulturnus in large circular field arenas at forest sites with different logging
histories. Light-tagged individuals used similar, direct, patterns of flight in the two
oldest classes of regrowth, selecting both subcanopy and understorey strata over the
canopy. On average, they flew in two strata and changed flight stratum every three or
four observations. However, flight patterns differed in the youngest regrowth age class,
which was either unthinned and very densely cluttered, or recently thinned and very
open in structure. In both unthinned and thinned regrowth, only the understorey was
selected and many bats returned to lower strata after an initial ascent. However, in
unthinned regrowth, bats also differed by using three strata and changing flight stratum
every two observations. Here, control of flight height may have been difficult whilst
negotiating the densely spaced stems. The tendency for bats to fly close to the ground in
thinned regrowth suggests that these sites did not provide equivalent flight conditions or
habitat for V. vulturnus as older regrowth.

I recommend that forest with tall open structure and forest tracks should be preserved in
timber production landscapes to facilitate flight and aerial foraging by bats. More
research is required to determine whether thinning practices can be refined to attract
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more use by bats. Forest-bat ecologists should refine their sampling methods to
encompass the vertical and horizontal variation in bat activity, clutter and potential prey
availability apparent within and among forest management units. I also found that using
attractant insect light traps can artificially increase bat echolocation activity, although at
different rates for different guilds. Therefore, light traps and bat recording equipment
should be spatially separated in habitat-use studies, as was done in my work. However,
species identification was enhanced in recordings of bats close to light traps, and this
method could be a novel and useful inclusion in presence-absence bat surveys.
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Chapter 1
General Introduction
1.1

Overview of the management of native vegetation
As humans continue to expand and intensify their influence over Earth’s natural

systems, there is an increasing need for careful management of activity that may
produce adverse effects. From a biological conservation perspective, it is important that
we preserve areas containing terrestrial, aquatic and aerial habitats with minimal or no
human impact (e.g. Peters and Darling 1985). However, a large percentage of the
planet’s surface is characterised by at least moderate levels of anthropogenic
modification. Therefore, it is also vital to ensure that the conservation of ecosystems
and their biological diversity is integrated successfully into the development and
management of human-dominated areas (e.g. Novacek and Cleland 2001). Commonly,
research in this field has focussed on investigating and mitigating (or reversing)
detrimental effects of past actions, while preventing similar events in the future (e.g. the
loss of predator populations as a consequence of the use of pesticides; Hickey and
Anderson 1968). Additionally, there is an increasing desire to predict the future
outcomes of natural and human-mediated processes, using our current knowledge of
biological systems and modelling, thus facilitating more proactive conservation (e.g.
global change biology; Thuiller et al. 2008). Both of the latter approaches are likely to
be necessary components of a successful long-term conservation strategy, compatible
with sustainable development (e.g. Suding et al. 2004).

One of the major ways in which terrestrial landscapes have been, and continue to be,
altered is through the clearance of native vegetation. Forests are now recognised as
vitally important for their role in climate moderation (Dixon et al. 1994), water and
nutrient cycling (Bosch and Hewlett 1982, Vitousek and Sanford 1982) and soil stability
(Glade 2003, Zaimes et al. 2004). They are equally acknowledged for their contribution
to biodiversity (Erwin 1982). However, forest clearance has been carried out throughout
human history to provide fuel, food, shelter, tools and medicine for human existence,
and to facilitate agricultural expansion and urbanisation (Williams 2008). Often,
modern ‘natural’ or ‘semi-natural’ landscapes are actually made up of plagioclimax
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communities (e.g. Green 1990), which would revert to forest if not for continued human
activities such as agriculture. Many such communities are now valued, restored and
maintained for their contribution to biodiversity, usually when management is not too
intensive (e.g. grasslands in Europe; Green 1990, Muller 2002). However, the clearance
of forests is not necessarily permanent. A growing body of research is assessing
whether forest biodiversity and ecological function is recoverable in various forms of
afforestation, such as the natural forest regeneration occurring after agricultural
abandonment (Bowen et al. 2007, Hermy and Verheyen 2007) and the establishment of
plantations for commercial or environmental purposes (Aubin et al. 2008).
Nevertheless, overall rates of deforestation in recent times have far exceeded
afforestation. From 2000 to 2010, there was an estimated net change in forest area
(incorporating primary forest, variously modified natural forest and plantations) of -5.2
million hectares per year worldwide, an area about the size of Costa Rica, although this
net loss was 37% lower than in the previous decade (Food and Agriculture Organization
of the United Nations (FAO) 2010). Of the 94% of existing forest area for which data
were provided, 64% showed signs of being at least partially modified by humans for
purposes such as wood production, including 57% in naturally regenerating forests and
7% in forests created through planting or seeding (FAO 2010). Thus, the reversal of
deforestation trends and the sustainable use of human-impacted forests are clearly
ongoing challenges for environmental managers.

In Australia, forests—with a definition including open and closed forest and large areas
of woodland—cover 19% (149 million hectares) of land area (Commonwealth of
Australia 2008). About 147 million hectares comprise native forest, with the remainder
made up of native and exotic plantations (Commonwealth of Australia 2008). Seventynine percent of native forest is dominated by eucalypts, comprising more than 700
species in three genera: Eucalyptus, Corymbia and Angophora (Commonwealth of
Australia 2008). Total forest area was estimated to have decreased by 0.13% per year
from 2000-2005 and 0.61% per year from 2005-2010. Most deliberate clearing in recent
years has been for urban development and agricultural use (Commonwealth of Australia
2008), although the increased net loss of forest was thought to have been exacerbated by
prolonged drought and wildfire (FAO 2010). On a longer time scale, net loss of woody
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vegetation (mostly forest) from 1973 to 2004 actually declined (Commonwealth of
Australia 2008). Formal nature conservation reserves, where tree harvesting cannot take
place, comprise 23 million hectares (16%) of native forest (Commonwealth of Australia
2008). There are no legal restrictions on harvesting in the 76% of native forest area
made up by leasehold forest, privately owned forest and multiple-use public forest;
however, in reality, the majority of harvesting occurs in the latter (Commonwealth of
Australia 2008). Because wood production in Australia is managed as an ecologically
sustainable enterprise with concomitant economic, environmental and social
responsibilities (Commonwealth of Australia 1992, 1995), harvesting should not
contribute substantially to net loss of forest area. However, given the potential for
widespread harvesting in Australian native forests, the dynamic nature of forest systems
and the uncertainty of future climate change impacts, it is important to monitor and
assess the capacity for wood production forests to meet ecological objectives at a range
of time scales. As stated in the National Forest Policy (1992, 1995) in relation to nature
conservation in forests managed for ecological sustainability: “in keeping with the
'precautionary principle', the State Governments will undertake continuing research
and long-term monitoring so that adverse impacts that may arise can be detected and
redressed through revised codes of practice and management plans.”

1.2

Impacts of logging on forest structure and wildlife habitat
Similar to natural disturbance, harvesting practices alter the structure of native

forests directly and indirectly, through the removal of different structural elements and
the consequent redistribution of light, wind, moisture and nutrients (e.g. Saunders et al.
1991, Chen et al. 1999). In the short term, gaps are created in the canopy and
understorey layers, with the sizes of the gaps dependent on the method and intensity of
extraction; clear-felling results in the most extreme short-term change in structure over a
given area. Following logging operations, the regrowth of canopy and understorey
species continues to alter forest structure over many years. Silvicultural treatments may
be used to enhance the growth of target species (Jennings et al. 2003). Given sufficient
time and opportunity, growth and successional processes (Connell and Slatyer 1977)
should enable disturbed forest patches to develop old-growth structure (e.g. a relatively
high density of large-diameter trees; DeWalt et al. 2003).
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In recent decades, however, it has become apparent that certain logging regimes do not
deliver the long-term structure and composition of forests expected without silvicultural
management (Franklin et al. 2002). Logging carried out too intensively, spatially and
temporally, tends to homogenise forests and does not allow time for old-growth features
to develop. For example, clear-felling is typically followed by the growth of a dense
stand of even-aged trees which may take many decades to thin and separate into vertical
strata without intervention (Florence 1996). Artificial thinning, which opens up the
forest structure and enhances the growth of target tree species, might not be done for
many years. Additionally, old-growth trees removed during clear-felling will not be
replaced if logging rotation times are shorter than the time taken for trees to mature
(Hansen et al. 1991). Consequentially, the main dead wood components of forest
structure (e.g. stags, coarse woody debris), which are typically provided by mature,
senescent and dead trees, are also likely to be absent (Hansen et al. 1991).

The inclusion of old-growth forest characteristics into silviculturally managed forests is
increasingly viewed as essential for the conservation of wildlife habitat, biodiversity
and forest specialists (Hansen et al. 1991). Old-growth elements, such as hollowbearing trees and the dead wood produced by them (e.g. Grove and Meggs 2003,
Mazurek and Zielinski 2004), a well-developed understorey (Lindenmayer and
McCarthy 2002) and foliage height diversity (MacArthur and MacArthur 1961) are
likely to enhance the diversity of structure and resources for wildlife. An important
feature of mature natural forests is an uneven-age structure, whereby gaps are created by
disturbances of varying intensity at different times, leading to forest patches at different
stages of succession (e.g. Oliver and Stephens 1977). This contributes further to
structural and biological diversity.

To improve the utility of forests for the conservation of biodiversity and make
silvicultural practices more sustainable, logging practices in many countries have been
refined. Selective harvesting may mimic small-scale natural disturbances (Schumann et
al. 2003) and the retention of mature vegetation helps to preserve forest habitat elements
(Lance and Phinney 2001). Biodiversity may also benefit from the thinning of dense

4

Chapter 1. General Introduction

forest stands (Wilson and Puettmann 2007). However, there are still doubts as to
whether these more recent changes in logging regimes are sufficient to meet
conservation targets based on those achievable in old-growth forests. For example, the
simultaneous creation of multiple canopy gaps in selection cutting might still lead to
dense regrowth and cutting intervals that are too short may not allow the recovery of the
forest structure (Angers et al. 2005). Also, effects of logging, fire and grazing may
accumulate to reduce habitat features for wildlife, even if management of the forested
landscape is considered to be of low intensity (Eyre et al. 2010). Research into the
effects of different logging regimes is an ongoing process and is likely to be
complicated by various factors, including conflicting results for different taxa
(Axmacher et al. 2004, Pawson et al. 2006).

1.3

Wildlife management practices in logged forests in New South Wales
The forest of New South Wales (NSW) makes up 18% (26.5 million hectares) of

Australia’s forest and covers 33% of NSW’s land area (Commonwealth of Australia
2008). Almost 99% of forest in NSW is native forest (Commonwealth of Australia
2008). There are 2.4 million hectares held in multiple-use public native forests, where
wood production is the primary aim. The National Forest Policy Statement
(Commonwealth of Australia 1992, 1995) outlines national goals and specific objectives
and policies for the management of Australia’s public and private forests. One goal is
the management of an extensive forest estate in an ecologically sustainable manner, in
order to conserve a suite of values, including biological diversity; this applies to both
production and non-production forests (Commonwealth of Australia 1992, 1995).
Regional Forest Agreements (RFAs) are 20-year plans of management for forest in a
number of different regions, including three in NSW. The RFAs have led to the
development of a Comprehensive, Adequate and Representative (CAR) reserve system
for forests (JANIS 1997), which has been augmented by the transfer of forest of high
conservation value from wood production forest to reserves, such as National Parks
(Forests NSW 2010b).

Apart from the CAR reserve system, RFAs are responsible for ensuring that biodiversity
values are protected in wood production forest through the implementation of informal
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reserves. These occur through prescriptions specified in the Threatened Species Licence
(TSL) under which Forests NSW (responsible for managing wood production forests)
operates (New South Wales Government 1995a). General prescriptions that protect
forest fauna in logged areas include, amongst others, the protection of high conservation
value old growth forest and rain forest, stream exclusion zones and minimum retention
rates of hollow-bearing and recruitment trees (New South Wales Government 1995a). In
addition, specific prescriptions exist for particular species listed as threatened under the
NSW Threatened Species Conservation Act 1995, including two species of bat
(Kerivoula papuensis and Myotis macropus), which are triggered if the species is
detected in pre-logging surveys (New South Wales Government 1995a). These
prescriptions target the specific habitat requirements of the species; however, many
threatened species, including other bat species, do not have targeted prescriptions
because of the paucity of available data on their habitat requirements (Law 2004). The
preparation of Harvest Plans incorporates the results of pre-logging surveys and all of
the prescriptions specified by the TSL (Law 2004).

There are 2.1 million hectares of native forest in the multiple-use forests of NSW, 2% of
which is harvested annually (Forests NSW 2010a). In addition to the prescriptions for
protecting wildlife outlined above, the methods of extraction used by silvicultural
managers are in line with ecologically sustainable management. Harvesting operations
in eucalypt-dominated multiple-use native forest include Single Tree Selection,
Australian Group Selection, commercial and non-commercial thinning and alternate
coupe logging, all of which involve removing only a proportion of trees from the area of
harvest (Forests NSW, date unknown, Forests NSW 2010b). Clear-felling is not
currently practised in native forest in NSW (Forests NSW, date unknown). However,
integrated harvesting for saw-logs and woodchips in alternate coupes approaches clearfell practices and it is used in the Eden management area of the far south coast (personal
communication, Brad Law). By retaining elements of stand structure in logged
compartments, important components of wildlife habitat, such as shelter, food and
connectivity are more likely to be preserved than if clear-felling is carried out.
However, the utility of informal reserves or different types of harvest operations for
wildlife, including bats, is largely unknown and requires more research (Law 2004).
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1.4

Potential impacts of logging on forest bats
Among mammals, bats possess at least two distinctive traits, each of which

could influence their vulnerability to logging in different ways. They are the only flying
mammals, a characteristic which entails particular energetic demands (Speakman and
Racey 1991), yet enhances mobility and the potential for accessing resources in three
dimensions (Williams et al. 1973, Lumsden et al. 2002). As such, bats may be efficient
exploiters of habitats and well-equipped to shift location to follow abundant resources
(Palmer and Woinarski 1999). Nevertheless, acute or cumulative logging impacts on
resource availability could place bats under increased pressure to move greater
distances, which may compromise foraging efficiency, for example. Bats also differ
from other small mammals, in that most have a slow life history, producing just one or
two young in a single litter each year (Barclay and Harder 2003). Females may not
reproduce in every season, especially those in temperate regions, possibly as a strategy
to conserve resources when prevailing conditions are unfavourable (Barclay et al.
2004). If logging has a negative impact on bat populations, this could place them at risk
because a slow life history may make declining populations more vulnerable to
extinction (Purvis et al. 2000).

Perhaps the most obvious and well-studied threat to bats from logging is the loss of
roosting sites, which bats use for a variety of purposes, including hibernating, breeding,
social interactions, and as a refuge from climatic extremes and predators (Kunz and
Lumsden 2003). Many bats use hollows (cavities), boles, branches, foliage and
exfoliating bark as roosts, in trees and other vegetation (Kunz and Lumsden 2003,
Goldingay 2009). Hollows can occur in young trees but most often are present in old,
large-diameter, living trees, dead standing trees (‘stags’ or ‘snags’) and coarse woody
debris (Bennett et al. 1995, Kunz and Lumsden 2003). A given bat species will often
use different roost sites for different functions, most likely to optimise thermal
conditions for a specific activity (Willis and Brigham 2005). Many bats also switch
roosts frequently, presumably in response to specific requirements, such as the
avoidance of parasites (Reckardt and Kerth 2007). Bats can show a high degree of roost
selectivity, aptly illustrated by the long distances some bats routinely commute between
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roosting and feeding locations (Lumsden et al. 2002). Given the complex roosting
requirements of bats, it is unsurprising that logging disturbances pose a serious threat to
many forest-inhabiting species. Issues of concern for bat roosting habitat in logged
forests include practices that involve harvesting the older age classes of tree or
preventing them from developing (e.g. Swystun et al. 2007), the homogenisation of
thermal conditions in retained roosts (e.g. due to topographic location, Law and
Anderson 2000, or the structure of surrounding vegetation, Russo et al. 2010), and the
location of roosts in relation to particular landscape features (Hein et al. 2008).

Forest bats also need access to adequate supplies of food and water. Different species
vary in their diets, which may include insects and other arthropods, vertebrates, blood,
fruit or nectar (Altringham 1996). Water is an important resource, whether for drinking
(Adams and Simmons 2002) or as habitat for insects and other prey types (Fukui et al.
2006), and natural disturbances can sometimes enhance water habitat for bats (Nummi
et al. 2011). Although there is a lack of information about the impact of forest
harvesting on food and water resources, potential risks exist through activities such as a
reduction in vegetation volume, alteration of vegetation composition, the removal of
specific feed trees, prescribed or suppressed fire, the application of insecticides and the
alteration of inputs into water bodies (Johns 1985, Hayes and Loeb 2007, Thompson et
al. 2009).

Landscape effects are likely to be important when assessing the potential impacts of
logging on the roosting and foraging ecology of bats. A number of studies indicate that
many bats choose roost sites in proximity to landscape features such as mature forest
stands, riparian corridors and vegetation gaps (Law and Anderson 2000, Miles et al.
2006, Hein et al. 2008, O’Keefe et al. 2009); such features may provide alternative roost
sites, good quality foraging habitat or easy commuting routes. However, where roosting
structures are scarce, such as in intensively managed stands, proximity to particular
landscape features may not be an option available to the bats roosting there (Miles et al.
2006). Additionally, such stands may not be suitable commuting or foraging habitat for
many bats compared with older or less intensively managed stands (Glass 1993). Thus,
in timber production landscapes, optimal bat habitat may occur in discrete patches,
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separated by less suitable areas (matrix). Mobility and habitat-edge sensitivity vary
among bat species in fragmented landscapes (Meyer et al. 2008). Fewer bats are likely
to utilise the matrix for commuting between habitat patches or other activities if the
contrast between habitat and matrix is high, and vice versa (Estrada and Coates-Estrada
2002, Bernard and Fenton 2003, Henderson and Broders 2008, Meyer et al. 2008).
Habitat patches can be linked by linear habitat corridors or made less isolated with
residual patches of trees; these could also benefit bats by increasing the total area of
suitable habitat (Hogberg et al. 2002, Lloyd et al. 2006a, Hein et al. 2009, Russo et al.
2010). To maximise the benefits for bats, we need to improve our understanding of the
features of forests that signify optimal habitat for bats, yet may be altered as a result of
silvicultural regimes.

One aspect of bat ecology that is often touched on but rarely quantified (but see
Brigham et al. 1997b, Erickson and West 2003) is the effect of different levels of
physical clutter on the flight and foraging activities of different bat species. A large
body of research has determined that bats vary greatly in flight morphology. Generally,
large bats with narrow wings are likely to have fast and direct flight and fly in open
areas (Norberg and Rayner 1987). At the other end of the spectrum, small bats with
broad wings are likely to have slow and manoeuvrable flight and fly more often in
proximity to clutter (Norberg and Rayner 1987). Among bats that use echolocation for
orientation, there are also a range of call structures and frequencies that determine
whether a species is likely to detect targets at long- or close-range, corresponding with
flight far from or near to clutter (Schnitzler et al. 2003). A bat adapted to flight and prey
capture at one level of clutter may be precluded from these activities at a higher level of
clutter, whereas the opposite is unlikely to be true (Fenton 1990). The effect of
vegetative clutter on flight and foraging activity is an important consideration for bats in
harvested forests, given the sizeable differences in cover and density values observed
between stands with different logging histories (Florence 1996). If the interior of dense
forest is inaccessible by most bats, using the amount of tree cover as a surrogate for
habitat availability may give a false impression. Largely impenetrable forest would be
analogous to the matrix in a fragmented landscape, with only the exposed above-canopy
space available for flight and foraging activities. Clutter also varies spatially within a
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forest stand. Notably, the distribution of clutter changes along the vertical axis (Dial et
al. 2004); thus changes in forest structure with logging history, and the possible effects
of these changes on bat flight activity, may also vary vertically. To address this gap in
the literature, my project is primarily concerned with assessing the vertical distribution
of flying bats in relation to structural clutter in forest stands with different histories of
logging.

1.5

Methods of assessing structural clutter effects for bats: benefits and
drawbacks

1.5.1

Acoustic sampling and trapping
Acoustic monitoring (echolocation detection) has been used to assess bat

activity in many studies of habitat use by forest bats (e.g. Ellison et al. 2005, Kusch and
Schotte 2007, Akasaka et al. 2009). Remote acoustic monitoring is an efficient
technique for determining clutter effects on bats, in that large amounts of activity data
can be collected and analysed, and many sites can be sampled simultaneously (Brooks
2009, Adams et al. 2010). Multiple detectors can be used to measure bat activity in
relation to the spatial distribution of clutter within a site (Menzel et al. 2005) or the
distance from discrete clutter elements (sensu Verboom and Spoelstra 1999). However,
with remote sampling, the practitioner cannot readily distinguish between individual
bats when assessing separate conspecific passes (Hayes 2000) and cannot always
distinguish between species (Barclay 1999). Also, the precise location or movement
patterns of a bat cannot be determined when its call sequence is detected by a single
microphone, and the zone of detection will likely vary for different bat species, due to
differences in call frequency and intensity and their interaction with the environment
and the detector microphone (Griffin 1971, Lawrence and Simmons 1982, Weller and
Zabel 2002, Patriquin et al. 2003, Limpens and McCracken 2004). Therefore, clutter
associations will be limited both in scope and by various potential sources of error in
remote acoustic studies. These problems also exist in mobile sampling with fixeddirection detectors (e.g. driven transects; Russ et al. 2003), except that individual bats
are more confidently separated with this method. Active (manually-operated) acoustic
sampling, whether at points or along transects, facilitates visual assessment of
individual flight paths and habitat associations (e.g. Verboom and Spoelstra 1999), if
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enough light is available to see the bat and its surrounds. In some cases, active sampling
may improve species identification rates (Ahlén and Baagøe 1999, Limpens 2004).
However, because it is labour-intensive, the absolute amount of call data collected may
be less than in remote surveys and require considerably more effort (Brooks 2009).
Also, the observer may introduce bias by sampling areas that are easier to traverse
(Walsh and Harris 1996), or by focusing on the most easily detected bats (Barclay
1999).

Observer bias can be avoided by trapping bats with harp traps or mist nets. Because the
specific location of a trapped bat is known, clutter associations can be inferred at
relatively fine-scales (immediate trap microhabitat; Kurta 1982, Adams 1997, Korine
and Pinshow 2004, Caras and Korine 2009). Alternatively, coarser scales of clutter can
be assessed (trap habitat patch; Medellín et al. 2000, Hodgkison et al. 2004). As is the
case for acoustic sampling, the larger-scale flight patterns of bats up until the point of
capture will be unknown, unless monitors at the trap or net can make visual
observations. Some other drawbacks of trapping are that multiple-night sampling in the
same location is likely to be affected by trap shyness (Kunz and Brock 1975), the
distress calls of captured bats may attract other bats (Russ et al. 1998) with possible
masking of clutter effects, mist-netting is inefficient compared to harp-trapping
(Tidemann and Woodside 1978), neither method captures bats with a high rate of
success (Berry et al. 2004, Larsen et al. 2007), trapping efficiency may be influenced by
the amount of clutter surrounding the trap (Duffy et al. 2000) and capture data may be
biased towards those species least able to detect and avoid the trapping device (Berry et
al. 2004).

1.5.2

Tracking bats
Radio-tracking studies are useful for determining habitat selection and roosting

preferences at the scale of home range or foraging range (e.g. Baker et al. 2008, Smith
and Racey 2008). However, tracking flying bats at night in forested and other natural
landscapes is difficult in a road vehicle or on foot (Wai-Ping and Fenton 1989) and it is
unlikely that the tracker will obtain much visual clarification of a radio-tracked bat’s
flight path in relation to clutter. Given the errors associated with radio fixes (White and
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Garrott 1986, Schmutz and White 1990, Townsend et al. 2007), inference may not be
possible at a finer level of detail than the habitat patch (Rettie and McLoughlin 1999),
making this method unsuitable for within-patch assessment of flight patterns.

Light-tagging allows a more detailed analysis of the association between bat flight and
within-patch forest clutter to be achieved, but on a smaller geographical scale than
radio-tracking. Different habitat-use studies using light-tagging reported observations of
bat flight within different categories of habitat, clutter or vertical stratum (Fenton et al.
1977, Buchler 1980, Racey and Swift 1985, O’Neill and Taylor 1986, Brigham et al.
1992, Saunders and Barclay 1992, Pavey 1998, Rhodes 1998). Some studies have also
used light-tagging to quantify flight movements on small or large scales (Horner et al.
1998, Rhodes 1998) and to locate roost sites (Schulz 2000b). Light-tagging allows an
observer to achieve visual contact with a flying bat. Yet, it is still difficult to maintain
this contact in a forest setting for long because clutter can impede views of the bat and
limit the mobility of the observer. Commonly, an average of just a few minutes of
observations is obtained per bat and the observation period for individuals can vary
substantially (e.g. O’Neill and Taylor 1986: 2 or 3 minutes of observations for most
bats, but maximum observation time for a bat was 22 minutes). This could lead to
problems of representativeness within and between individuals in the sample of lighttagged bats (Thomas and Taylor 2006).

It is not easy to account for the effects of radio transmitters or light tags on the
behaviour of bats. Tracking devices are normally kept low in weight, relative to the bat,
to minimise increases in wing loading and changes in clutter tolerance (Aldridge and
Brigham, 1988). However, handling effects and other impacts of carrying a tag may be
less easy to predict (Fenton et al. 2000, Hoxeng et al. 2007) and have the potential to
influence the flight behaviour of bats. Therefore, studies in which free-flying bats are
tracked without disturbance will likely provide the most realistic account of bat-clutter
associations, including clutter effects on echolocation. For example, three-dimensional
flight paths can be reconstructed using data collected by an array of closely spaced
microphones or cameras set along traditional flight routes, where activity by bats is
likely to be high (Holderied and von Helversen 2003, Schaub and Schnitzler 2007b,
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Grodzinski et al. 2009). Such data can be combined with laser scans of the physical
environment for a detailed picture of bat flight in relation clutter (Jones and Holderied
2007). A limitation of studies using these methods is that the set-up for recording flight
paths is complex and requires a lot of equipment; this may limit the length of flight path
that can be recorded and present logistical difficulties in highly cluttered habitats.

1.5.3

Experiments
By manipulating clutter levels within experimental arenas and encouraging bats

to fly through the arenas, researchers can measure the limits of flight or foraging
capability for different species (Jones et al. 1993, Winter 1999, Moss and Surlykke
2001, Stockwell 2001, Siemers and Schnitzler 2004). Depending on the degree to which
important extraneous variables are controlled for, such studies can interpret clutter
effects with more confidence than many uncontrolled studies. However, bat flight
behaviour in artificial clutter may not represent that in a natural setting, especially if the
experimental arena is small and access to prey items is predictable for the bat.
Alternatively, manipulating clutter in natural settings can be done on small (Sleep and
Brigham 2003) or large (Brigham et al. 1997b) scales. Control of extraneous factors is
limited in these situations. If free-flying bats are the test subjects, flight data may not
indicate the limits of their capabilities with respect to clutter. Rather, bats may show
preference for flying in levels of clutter well below the threshold of their flight
capabilities (Fenton 1990).

1.5.4

Multiple approaches to bat-clutter assessment and justification for my methods
It is widely accepted that any single method for inventorying bats in forests or

other wooded areas is not without bias and is best used in combination with
complementary methods (Schulz and de Oliveira 1995, Ahlén and Baagøe 1999,
MacSwiney G. et al. 2008). The same is likely to apply in studies determining the
relationship between structural clutter and bat flight. A thorough understanding of batclutter relationships can only be gained by employing more than one technique and a
number of researchers have worked towards achieving this. For example Jones et al.
(1993) and Rhodes (1998) used laboratory-based obstacle courses in conjunction with
field observations to assess the degree to which clutter tolerance can predict habitat
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preference for a number of species. Another example relates to the little brown bat,
Myotis lucifugus. A detailed knowledge of its flight capabilities and realised clutter
associations has been built up by many separate research studies using various
techniques (e.g. obstacle courses, Aldridge 1986; light-tagging, Kalcounis and Brigham
1995; mist-netting Adams 1997; acoustic monitoring, Humes et al. 1999; manipulation
of clutter and prey in the field, Sleep and Brigham 2003; multiple field methods,
Saunders and Barclay 1992).

1.6

Some other methodological issues in bat research
There are many issues to consider when planning a research study on bat

ecology or behaviour. Hayes (2000) outlines a number of assumptions that are
commonly made in acoustic monitoring studies but are not always met. They include
assumptions relating to the inferences that can be made from different types of call data,
detectability of different species, identification of different taxa, and spatial or temporal
variability in bat activity (Hayes 2000). Two important issues that require more
attention in bat research studies are the reliability of prey availability indices and the
effects on bat activity of using insect-attracting lights to obtain such an index.

Researchers often wish to obtain an estimate of prey availability for insectivorous bats.
One or more sampling methods are typically used to obtain abundance or biomass data
for insects (or other arthropods), thus enabling an index of prey availability to be
calculated, although most methods produce biased samples (Kunz 1988). The
availability of prey is considered to be an important determinant of bat activity, as
versions of the former and latter variables are often positively correlated at seasonal,
among- and within-night scales (Rautenbach et al. 1988, Hayes 1997). However, many
factors are likely to determine the actual availability of prey. For instance, the
abundance and composition of insect assemblages may vary spatially (Basset et al.
2003), clutter may prevent some bats from foraging in particular microhabitats (Sleep
and Brigham 2003), and different bats may vary in their ability to detect different sizes
of prey (Houston et al. 2004) or in their preference for pursuing particular types of prey
(Jones 1990, Agosta et al. 2003). Additionally, insects may utilise predator avoidance
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strategies that limit their availability to bats (Lewis et al. 1993). More thorough
assessments of prey availability indices are warranted.

An issue that is rarely addressed in bat ecology studies is that of using insect-attracting
lights to assess the availability of prey to bats. It is important for such studies to
temporally match the activity levels of bats with the abundance or biomass of prey by
sampling both taxa concurrently (Hayes 1997). However, lights that attract insects have
the potential to alter the behaviour of bats (Acharya and Fenton 1999) and this could
influence the amount of activity that is recorded close to lights and, thus, our
interpretation of habitat use. Therefore, if light-traps are used to estimate prey
availability, we need to understand their effects on bat activity so that they can be
minimised.

1.7

Project aims
In this project, I used different approaches to assess bat ecology in multiple-use

eucalypt forests on the south coast of NSW, Australia, managed primarily for wood
production and biodiversity conservation. My focus was on determining the effects of
structural clutter on the flight activity of (mainly) aerial-foraging insectivorous bats and
the availability of the insects upon which they might feed, including a separate
assessment of the larger moth representatives. Structural clutter is likely to vary
substantially in forests with different logging histories and in different vertical strata
within the same forest site. Therefore, it was important to undertake a detailed spatial
analysis of clutter effects. This project addresses a number of methodological issues
including the effects of insect-attracting lights on the levels of bat activity recorded with
acoustic detectors.

My project utilised two techniques to study bat-clutter relationships in harvested native
forests: passive acoustic monitoring of bat assemblages within and between forest
stands, and light-tagging of a common aerial-foraging bat species in field-based flight
arenas. Passive acoustic monitoring was used because it allowed me to make an allnight assessment of how undisturbed bat activity varied in relation to differing levels of
clutter in vertical forest strata, without the need for constant human supervision. Such
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an undertaking would have been much more labour-intensive for harp traps and
impossible for mist nets (for ethical reasons). Light-tagging was used to track bats
because it was a cost-effective method of recording patterns of flight in relation to
vertical strata, within large volumes of forest. My light-tagging study was loosely
experimental, in that bats were translocated a short distance from their trapping sites to
pre-determined flight arenas, around which observers remained in fixed positions. Thus,
flight behaviour was observed with relative ease, allowing observations from different
habitats to be compared with confidence.

1.8

Outline of chapters

In Chapter 2, I investigate the vertical stratification of aerial-hawking bat guilds in old
and young regrowth forest sites, using an index of activity derived from recordings of
echolocation call sequences. I measure bat activity in three vertical vegetation strata,
both inside forest stands and on nearby forest tracks, to encompass a wide range of
within-site clutter levels in addition to those existing between regrowth types. Activity
is assessed in relation to insect (potential prey) abundance and vegetation structure.

In Chapter 3, I further assess bat activity, insect abundance and vegetation structure
between unthinned and thinned examples of the young regrowth forests sampled in the
previous chapter. Here, I also assess the sparse available literature dealing with the
effects of forest thinning on bats and, based on this and my data, construct hypotheses
for more efficient testing of clutter effects in the future.

In Chapter 4, I measure the distribution of flying macromoths (likely prey of aerialhawking bats) using three vertical strata in old and young regrowth forest sites. I assess
whether spatial patterns of macromoths may be partially shaped by the use of various
predator avoidance mechanisms. Some implications of using insect abundance as an
index of prey availability for bats are discussed.

In Chapter 5, I conduct tests on the flight patterns of a small aerial-hawking bat,
Vespadelus vulturnus, in forests of differing logging history and widely varying

16

Chapter 1. General Introduction

structure. Timed measurements of horizontal and vertical flight position within fixedwidth circular arenas are recorded systematically by a number of observers. Numerous
variables are obtained from the data and compared between forest types. I assess the
likely impacts of clutter on flight performance in this relatively manoeuvrable bat of
edge-space microhabitats.

In Chapter 6, I analyse the differences in activity recorded with bat call detectors in the
presence of and distant from insect-attracting ultraviolet lights. Any differences have
implications for the methodology of bat habitat-use studies. However, an increase in the
activity of bats around lights could enhance the identification of bats in species
inventories.

In Chapter 7, I present a brief general discussion, incorporating the different
components of my research and the implications of my findings. I provide management
recommendations and suggestions for future research directions.

1.9

How to read this thesis
The five data chapters of this dissertation are at different stages of publication.

Chapters 2, 3 and 6 have been published after peer review. They are presented here as
they are in the published manuscripts, except for a few additions and other minor
changes, as well as the inclusion of subsection headings. Chapters 4 and 5 have not yet
been formatted for journal submission. To keep each of the five chapters largely selfcontained (and allow their reading in any order), there is some repetition among them,
particularly in the text of the Introduction and Methods sections. However, I also direct
the reader to information in different chapters, to avoid too much repetition.

Chapter 5, in particular its Results section, is very long and contains some degree of
repetition in the text, tables and figures. This is due to the complicated, investigative,
nature of the light-tagging study and my desire to allow readers to look at individual
components of the data analysis in detail. The section is divided into many subsections
to make this process easier. The results are perhaps best read in small doses and specific
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analyses in that section referred back to as necessary when reading the discussion. This
chapter will be transformed into a much smaller product for journal publication!

For ease of reading each chapter, I sometimes use the same term in different chapters to
describe sites with differing logging histories (e.g. ‘unthinned regrowth’ in Chapter 3
has a different history from ‘unthinned regrowth’ in Chapter 5). I match each term with
its appropriate logging-history definition in the Methods section of each chapter.
However, for quick reference and comparison, Table 1.1 outlines each term, the
chapters it is used in and a brief definition for each chapter. The general discussion in
Chapter 7 draws the results of the different chapters together by referring more to
vegetation structure and logging-history descriptions than logging-history terms.

Table 1.1. Definitions of the logging histories of sites used in different parts of this
research project (sampling conducted in early 2001-2003), matched with the terms used
to describe them in different chapters.

Term
old regrowth

young regrowth

unthinned regrowth
thinned regrowth

Chapter
2
4
5
2
4
5
3
5
3
5

Definition No.
1
1
1
2 and 3 combined
2 and 3 combined
2
2
4
3
5

Definition of logging history
1 Selectively logged 1900-1950, essentially no logging since
2 Heavily logged 1950-1975, no logging since
3 Heavily logged 1950-1975, thinned or selectively logged 19921997
4 Clear-felled early 1970s, no logging since
5 Clear-felled early 1970s, heavily thinned late 2002
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Chapter 2
Vegetation structure influences the vertical stratification of open- and
edge-space aerial foraging bats in harvested forests
Publication: Adams, M. D., Law, B. S. and French, K. O. 2009. Vegetation structure
influences the vertical stratification of open- and edge-space aerial-foraging bats in
harvested forests. Forest Ecology and Management 258: 2090-2100.

2.1

Introduction
Insectivorous bats (Microchiroptera) that live and forage in forests are nocturnal

and must manoeuvre in flight amongst stems, branches and foliage while foraging for
invertebrate prey, mostly by echolocation. This structural forest ‘clutter’ represents
potential acoustic clutter for bats, whereby the detection, classification and localisation
of targets using echolocation could be disrupted by echoes from background objects
(Schnitzler and Kalko 2001). Bats can be divided into broad foraging groups based on
whether the structure of their echolocation supports detection of prey within structural
clutter, in gaps but with a background of clutter (edge) or in open spaces (Simmons et
al. 1979, Neuweiler 1984, Aldridge and Rautenbach 1987, Schnitzler and Kalko 1998,
Schnitzler and Kalko 2001). The flight-related morphology of bats is often linked to
their echolocation foraging niche, enabling high manoeuvrability for clutter-foraging
bats and fast direct flight for bats that forage in open space (Aldridge and Rautenbach
1987, Norberg and Rayner 1987, Fullard et al. 1991). Forests support species from all of
these clutter-tolerance categories (Crome and Richards 1988, Lim and Engstrom 2001,
Patriquin and Barclay 2003).

Features of echolocation other than structure can also potentially influence the degree to
which bats interact with clutter whilst commuting or foraging (e.g. Siemers and
Schnitzler 2004). For example, high frequencies attenuate faster in air than low
frequencies (Griffin 1971); therefore, bats using low-frequency echolocation calls can
detect prey or background targets at a greater distance than bats using high-frequency
calls. As call frequency scales negatively with body mass (Jones 1999, Jung et al.
2007), bats with low-frequency calls are usually relatively large and fast-flying. This
also suits the detection and pursuit of prey over a greater distance and necessitates

19

Chapter 2. Vertical stratification of bats

foraging activity in relatively open space. Conversely, bats using high frequencies
cannot range as far, and tend to be smaller and more manoeuvrable, thus better suited to
detection and capture of close prey in the vicinity of background clutter (Jones 1999).

If structural clutter plays an important role in determining the composition of bat
assemblages in forests, we would expect to detect progressively fewer open-space and
edge-adapted bat species, and fewer species with low-frequency calls, as forest clutter
increases. The clearing of all or most vegetation during heavy group selection or clearfell logging initially creates open space, but eventually leads to dense patches of evenaged regrowth, lacking the structural heterogeneity of multi-aged natural forest or older
regrowth (Florence 1996). Even though young regrowth differentiates into distinct
vertical strata with time, the process of self-thinning can be slow and many even-aged
young stems may still persist (400 -2500 stems per hectare after 40 years for eucalypts;
Florence 1996), creating a dense obstacle course for bats to manoeuvre through and
forage in. Conversely, in more open, usually older forests, we would expect to find
evidence of activity by species from all bat foraging groups, as open space does not
place limits on clutter-adapted bats (Fenton 1990, Fullard et al. 1991, Saunders and
Barclay 1992). A number of studies have found differences in bat activity levels
between forests of the same floristic type but different logging histories (Glass 1993,
Brown et al. 1997, Humes et al. 1999, Law and Chidel 2002, Patriquin and Barclay
2003). Most suggest that reduced clutter in older or thinned sites was a primary reason
for increased activity.

A major limitation of most bat forest-use studies using ultrasonic call detection is that
sampling occurs only at ground level. While ground-based detectors can sample areas
above the height of a ground-based trap (O’Farrell and Gannon 1999, Duffy et al.
2000), this method is biased in favour of bats with intense calls (Waters and Jones
1995) or calls of low frequency (Griffin 1971). Increased forest height reduces the
chance of detection of all species from the ground. Several recent studies at different
forest heights suggest that bats display vertical stratification (Kalcounis et al. 1999,
Hayes and Gruver 2000, Bernard 2001, Kalko and Handley 2001, Lim and Engstrom
2001, Menzel et al. 2005; but see Thomas 1988). Therefore, ground-based studies are
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unlikely to assess the spatial distribution of bats in a forest accurately. If the distribution
of clutter within the vertical strata of a forest varies, we would also expect fewer openspace and low-frequency edge-adapted bat species in strata with more clutter.

The aim of my study was to determine whether the vertical stratification of bats in flight
varied according to the amount of structural clutter (otherwise termed ‘clutter’) in old
and young regrowth forests in south-eastern New South Wales, Australia, and whether
this varied across the night. I examined this at the scale of three vertical strata:
understorey (ground, shrub and small tree layers), subcanopy (the bole zone of canopy
trees; Dial et al. 2004) and canopy (within and around the crowns of canopy trees) and
over different time periods (evening, night and dawn). Bats commonly use forest tracks
as commuting and foraging flyways (Krusic et al. 1996, Grindal and Brigham 1998,
Law and Chidel 2002, Lloyd et al. 2006a). To determine whether bats distribute
themselves differently on tracks, and whether tracks are used relatively more in forests
with higher clutter levels, I also compared forest and track vertical stratification
between logging treatments. My study focussed on total bat activity and the activity of
bats within four echolocation call guilds potentially influenced by changes in levels of
forest clutter: one open-space aerial foraging guild and three edge-space aerial foraging
guilds with calls of different frequencies (all guilds using low duty-cycle calls; that is,
short call duration, relative to call interval; guilds based on Schnitzler and Kalko 2001,
Schnitzler et al. 2003). I predicted that an increase in structural clutter would lead to a
decrease in activity for all guilds, with open-space bats the most affected and highfrequency edge-space bats the least affected. Bats often escalate their activity levels
when insect densities increase (Racey and Swift 1985, Fukui et al. 2006). However,
cluttered forests may preclude efficient foraging by bats, even when potential insect
availability is high (Grindal and Brigham 1999). Therefore, I also measured the
abundance of volant insects at each of my sampling sites, to compare their distributional
patterns with those of bats, and to assess the interaction between insect abundance and
vegetation structure as an influence on bat activity levels. I predicted that bat activity
would increase with an increase in insect abundance, especially where clutter levels
were low.
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2.2

Methods

2.2.1

Study site description
The study was carried out in temperate forests dominated or co-dominated by

spotted gum Corymbia maculata, within 14 km of Kioloa (35º32’S 150º22’E), between
the towns of Ulladulla and Batemans Bay on the south coast of New South Wales
(NSW), Australia (for site coordinates, see Appendix A). Timber harvesting has
occurred on the south coast since the early 1800s and group selection has been the
primary method of extraction in recent decades (Forestry Commission of NSW 1983).
The landscape of the study area is extensively forested and primarily comprises a wellconnected mosaic of regrowth patches of different ages, containing varying numbers of
residual mature trees. Harvested forests west of the Princes Highway are still subject to
logging, while those to the east are now incorporated into reserves. Rural holdings and
small urban settlements make up a relatively small proportion of the study area. I chose
sites in two logging-history classes, ‘old regrowth’ and ‘young regrowth’. As logging
history varied greatly among and within coupes, prospective sites were initially
inspected and categorised according to similarities in vegetation structure. Sites within a
structure category were then chosen for the study by checking available logging records
for similarities in management history. Old regrowth comprised sites (n = 4) that had
been selectively logged in the first half of the twentieth century but in which there had
been virtually no harvesting since, based on available records. These sites were
characterised by mature trees, 25-35 m in height, a diverse understorey and an open
structure. Young regrowth (n = 6) had undergone heavy logging in the previous 25-50
years. These sites were characterised by relatively dense stands of small diameter
straight trees, 20-25 m in height. While three of the young regrowth sites had undergone
silvicultural thinning or some degree of selective harvesting in the 4-9 years before my
study, their structure and bat activity levels differed relatively little from that of
unthinned sites (unpublished data, M. D. Adams). Given that my primary purpose was
to investigate the effects of vegetation structure on bat activity, I pooled data from the
young regrowth types to improve the power of my analyses.
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2.2.2

Bat and insect sampling
At each site, four sampling points were chosen, in a roughly rectangular

configuration, with each side at least 20 m (up to 60 m) long. Sampling points were
chosen randomly from trees with extending branches, suitable for suspending
equipment on ropes. Two of the points were on a track running through the site and two
were in the forest on one side of the track. I defined a track as a continuous clearance of
vegetation stems, 2-5 m wide and bordered on both sides by forest (sometimes with
overhanging canopy tree crowns). At track and forest points on one line perpendicular
to the track, I suspended light traps, while bat detectors were deployed on the other line.
This created a consistent area of influence around the light traps while they were
running and minimised the inclusion of track insects in the forest light trap samples, and
vice versa.

Three ultrasonic bat detector systems were deployed in a vertical array at one track
sampling point. Each system contained a calibrated Anabat II detector (sensitivity = 6-8
to minimise the likelihood that a detector would record calls beyond its target stratum,
frequency division ratio = 16), an Optimus audio tape recorder containing a 120-minute
cassette (60 minutes each side) and a delay switch (to trigger recording upon detection
of ultrasound and record the time of detection). These items were enclosed in a plastic
lidded container with a hole cut in one side, through which the detector’s microphone
protruded. One detector system was placed on the ground, with its front end raised so
that the microphone was pointed upward at an angle of 45° from the ground (Figure
2.1). The other two were placed in separate fishing nets, with the microphone kept clear
of the netting. For each of these two systems, the net was tied off such that the
microphone was angled upwards at 45°, using one end of a rope hanging over a canopy
branch. A guy rope was tied to the net to control the microphone’s direction from the
ground. One of these two detector systems was raised to the bottom of the canopy tree
crowns, while the other was positioned just above the understorey tree crowns,
approximately halfway between the upper and lower detectors (Figure 2.1). The
microphones of all three detectors were orientated towards a vegetation gap (to
maximise call detectability; Patriquin et al. 2003) and along the track, away from the
other track sampling point. This protocol was repeated for three detector systems
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deployed at the adjacent forest sampling point, except that I orientated them towards the
closest gap in the surrounding vegetation and away from the track. By consistently
orientating my detector microphones towards gaps within the vegetation, I minimised
the likely confounding effects of sampling in different microhabitats within treatments
(Hayes 2000, Weller and Zabel 2002).

Canopy

Detector

DNS-C
VG-C/UST

Ht-C

Subcanopy

Understorey

VG-UST/USS

DNS-UST
DNS-USS

VG-USS/G

Figure 2.1. Vertical strata (separated by dashed lines) sampled by bat detectors and light
traps, and a representation of the vegetation measurements taken for distance to the
nearest stem (DNS) in each quadrant, height of the canopy (Ht-C) and vertical height of
gaps (VG) between the crowns of vegetation strata. C, canopy; UST, understorey tree;
USS, understorey shrub; G, ground (not shown). Cover measurements were also taken
for C, UST, USS and G strata. Not to scale.
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Three black-light insect traps were deployed in a vertical array at each of the second
track and forest sampling points. See Section 6.2.2 for details of light trap systems.
Light trap positions relative to vegetation strata were the same as for bat detectors,
except that the ground level light traps were placed 0.3 m above the ground on a box to
prevent dense shrubs from concealing the light source. Although bat activity can
increase at light traps (Chapter 6), the potential indirect effects on activity levels around
bat detectors 20-60 m distant cannot be readily predicted. However, by deploying the
insect traps vertically, I minimised the likelihood of bats altering their flight stratum in
response to light-attracted insects.

I sampled between 23 January and 18 April 2001, avoiding nights during the one-week
periods before and after a full moon. Monthly mean maximum temperatures from
January to April 2001 decreased from 26.3° to 22.5°C, while the equivalent minimum
temperatures decreased from 17.9°C to 13.5°C (Ulladulla Automatic Weather Station,
Bureau of Meteorology). Total rainfall during this period was highest in February
(154.0 mm) and lowest in April (26.6 mm). This period encompassed summer and
autumn months, when the activity of temperate insectivorous bats is relatively high. At
this time, young bats are being nursed and learning to fly and forage independently, and
all bats are feeding heavily on the relatively abundant prey in preparation for prolonged
torpor or hibernation in the colder months (Churchill 1998). Given that limited
resources prevented multiple field trips over the year, this was an appropriate time for
me to sample. Multi-year sampling was also precluded, although it should be noted that
bat activity at a site can vary from year to year (Milne et al. 2005). Sites were sampled
for one night each and only one site was sampled on a night, due to logistic constraints.
Sampling began 30 minutes before sunset and ended 30 minutes after sunrise. The night
was divided into three sampling periods for analysis of temporal variability. The first
and last periods were each three hours in duration. The middle sampling period varied
in length depending on season but was always longer than three hours. Bat detectors
were raised and left in position for the whole sampling night to record ultrasonic bat
calls. Light traps were lowered and disconnected at the end of each sampling period to
collect the trapped insects and replace the collection container. All volant insects from
each light trap sample were counted. Information on the diet of aerial-foraging
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Australian bats, while limited, suggests that species within my guilds comprise both
opportunists and selective feeders and that the size of insects taken is variable but tends
to increase with the size of the bat (O’Neill and Taylor 1989).

Bat calls were processed and identified to species or species group passes and feeding
buzzes, using Anabat 6 and Analook software (C. Corben, version 4.8f). A pass was
defined as a series of two or more ultrasonic pulses of any one species or species group,
separated by no more than five seconds, and a maximum of 15 seconds in length (Law
et al. 1998, except for minimum number of pulses). A feeding buzz (e.g. Griffin et al.
1960) was defined as a pass where calls became steeper and more linear in shape, and
call duration, interval and bandwidth became substantially and progressively shorter,
until the calls quickly trailed off. Species identification was aided by comparison of
recorded calls with more than 200 reference call sequences obtained from trapped and
released bats of known identity from the south coast and other areas of NSW (e.g.
Reinhold et al. 2001a, b, c), taking into account the potential for regional variation in
call parameters within species (Thomas et al. 1987; Reinhold et al. 2001d; Law et al.
2002). Both qualitative (e.g. shape, O’Farrell et al. 1999) and quantitative methods were
used to identify bats. To promote consistency in call identification, I used a list of
decision rules (based on the reference call collection; Appendix B). Identification was
carried out by one person (M.D.A.) with five years call identification experience. Where
call measurements could represent two or more species, or where the poor quality of a
pass precluded confident identification, I assigned the pass to a species group or
recorded it as unknown.

I assessed bat activity levels, using the number of passes and the number of feeding
buzzes for all bats and each of four echolocation call guilds: (1) open-space (OS); (2)
edge-space low (ESL); (3) edge-space medium (ESM); and (4) edge-space high (ESH),
the latter three guilds representing low-, medium-, and high-frequency calls. Each guild
contained species often placed together into species groups because of similarities in
ultrasonic call design (Table 2.1). Analysis of guilds was undertaken to determine
whether any treatment effects were consistent across a range of characteristic call
frequencies displayed in the bat community. Guild activity was measured as all passes
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identified to each of the species in the guild plus all passes classified as species groups,
containing two or more guild species but no others. Apart from the eastern freetail bat
(Mormopterus sp. 2; Adams et al. 1988) and the east-coast freetail bat (M. norfolkensis)
(both molossids), all bats in the guilds were vespertilionids, a group producing a large
percentage of calls within each pass that are not usable for identification (O’Farrell et al.
1999). In addition to an increase in characteristic frequency from the OS through to the
ESH guild, there were also patterns of shorter call durations, shorter call intervals and
steeper call slopes across the guilds (Appendix C). These features increase the
likelihood of flight closer to background clutter for guilds with higher call frequencies
(Jones 1999, Broders et al. 2004, Jung et al. 2007).
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Table 2.1. Description of the low duty-cycle search phase calls of four bat echolocation
call guilds. OS, open-space; ESL, edge-space, low-frequency; ESM, edge-space,
medium-frequency; ESH, edge-space, high-frequency. Characteristic frequency (flattest
section of the dominant harmonic) range based on Pennay et al. (2004), Reinhold et al.
(2001a, b, c) and reference calls collected by M. D. A. and Brad Law. Guild names
based on Schnitzler et al. (2003) classification of open space (OS, except C. gouldii)
and edge space (three ES guilds plus C. gouldii) aerial foragers. C. gouldii’s calls
alternate in frequency, a possible adaptation for detection of both far and near targets,
similar to other OS bats (Jones and Corben 1993, Jung et al. 2007). Call shape
terminology based on Kalko and Schnitzler (1993). Mormopterus sp. 2 follows Adams
et al. (1988). V. regulus is unlikely to occur in large numbers in the study area (Mills et
al. 1996, C. Tidemann, pers. comm; pers. obs.; but see Glass 1993) and M. schreibersii
oceanensis has only rarely been detected there (Glass 1993, Mills et al. 1996, pers.
obs.).
Guild

Species

Frequency range and search phase call description

OS

Mormopterus sp. 2

28-34 kHz. Mormopterus species: narrowband quasi
constant frequency (QCF) pulses; C. gouldii: broadband
frequency modulated (FM) calls with QCF endings (FMQCF). M. norfolkensis and C. gouldii often display
alternation of frequency in successive pulses.

M. norfolkensis
Chalinolobus gouldii
ESL

Scoteanax rueppellii
Scotorepens orion

32-39 kHz. Broadband FM-QCF calls. Variation in shape
displayed in high quality calls can be used to distinguish
species when call frequency overlaps.

Falsistrellus tasmaniensis
ESM

Vespadelus darlingtoni
V. regulus
Miniopterus schreibersii
oceanensis

ESH

V. vulturnus
C. morio

39-48 kHz. Broadband FM-QCF calls. Distinguishing
pulse shape features can sometimes separate V.
darlingtoni and M. schreibersii. V. regulus calls overlap
with V. darlingtoni calls in this region.
48-54 kHz. Broadband FM-QCF calls. Complete overlap
in frequency. V. vulturnus up-sweeping tails and C. morio
down-sweeping tails can sometimes be used to
distinguish species.

I did not analyse the activity of individual guild species in this study for two reasons.
Firstly, less than 30% of all passes could be identified to species, due to overlap in the
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calls of different species, and the use of passive sampling and recording onto audio tape
(Johnson et al. 2002). Secondly, I am not confident that identification for each species
was equally probable across the range of treatments sampled. For example, the changing
proximity of a flying bat to clutter contributes to intraspecific and intra-individual call
variability (e.g. Kalko and Schnitzler 1993, Jensen and Miller 1999, Broders et al.
2004). This could affect the presence of call features used to distinguish species.
However, any clutter effect on species identification is likely to vary among species,
and probably varied among my treatments (Broders et al. 2004, Ford et al. 2005). With
the low level of species identification I achieved, ignoring this potential source of bias
incurred a high risk of misinterpreting species activity levels. Passes not analysed
(partly due to small sample sizes) included unknown calls of poor quality, species
groups that overlapped two guilds, and calls identified as Tadarida australis,
Saccolaimus flaviventris (two open-space above-canopy bats, with low duty-cycle, lowfrequency QCF calls), Rhinolophus megaphyllus (a narrow-space flutter-detecting bat,
with high duty-cycle, high-frequency FM-CF-FM calls) and Nyctophilus spp. (N.
geoffroyi and N. gouldi; narrow space gleaning bats, with low duty-cycle, low-intensity,
FM calls). Narrow-space bats are considered to be relatively clutter-tolerant (guild and
call descriptions, Schnitzler et al. 2003; specific call descriptions, Glass 1993, Pennay et
al. 2004; duty-cycle categorisation, personal observation). The activity of the latter four
species or species groups was described.

2.2.3

Vegetation structure
Twenty variables were measured in each of four 20 m x 20 m plots at each site

(Figure 2.1). Each plot was centred on the sampling position of a bat detector or light
trap, in the forest or on the track. In each plot, five random x,y co-ordinates were
selected. At each point, percentage cover values (foliage projective cover - Specht 1970
– and woody projective cover combined; henceforth ‘cover’) were estimated in a 5 m x
5 m sub-plot for four essentially separate and continuous strata: canopy, understorey
tree, shrub and ground (<1 m). These were categorised into cover class scores: 1 =
≥70%, 2 = 50-69%, 3 = 30-49%, 4 = 10-29% and 5 = <10%, so that large scores for
cover indicated more space (less clutter), similar to large values of other vegetation
variables, such as inter-stem distance. I located the canopy tree closest to each random
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point and, in four quadrants around this tree, measured the distance to the nearest stem
(regardless of the stem’s maximum height) in the canopy, understorey tree and shrub
layers (Figure 2.1). Nearest neighbour distances for the four quadrants were ordered
from nearest to 4th nearest stem in each vegetation layer. Finally, I measured the height
to the top of the canopy tree and the vertical distance (gap) between each adjacent pair
of vegetation strata (canopy/understorey tree, understorey tree/shrub and shrub/ground)
with a clinometer, from the bottom of one crown to the top of the crown in the layer
below (Figure 2.1). I calculated mean values for each vegetation variable over the two
forest plots and the two track plots (n = 10 points for each).

2.2.4

Statistical analysis
For the middle sampling period of each night, the number of bat passes and the

number of insects were weighted to their equivalent value in a three-hour sampling
period using the equation y = x / (no. of minutes in middle sampling period /180), where
x = number of passes/insects. Bat activity levels on many tracks were high, filling tapes
before the three sampling periods had concluded. Therefore, I used different subsets of
the data set to conduct analyses. To determine how bat activity and insect abundance
varied across logging histories, strata and times in the forest only, I used data from all
three sampling periods (evening, night and dawn). To compare bat activity and insect
abundance across logging histories, strata and locations (forest and track), I used only
the data from the evening sampling period.

Within the dataset to be analysed, there was one missing sample for bats (evening,
track, canopy sample for an old regrowth site) and three for insects (evening, night and
dawn, forest, canopy samples for a young regrowth site that had been thinned). Missing
data were estimated by using canopy data collected in the same sampling period from
other sites with the same logging history (that is, old regrowth or thinned young
regrowth). The canopy values for bat activity or insect abundance from other sites were
converted to proportions (canopy/ all strata) and averaged across sites. This average
canopy proportion estimate was used to calculate the estimated value for the missing
canopy sample, using the available values from the lower strata of the same site. For
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bats, separate estimates were obtained for all bats and each of the four echolocation
guilds.

My sampling design for bat activity and insect abundance comprised four factors:
logging history (between-blocks, 2 levels, fixed), site (block) nested within logging
history (4 levels in old regrowth, 6 levels in young regrowth, random), stratum (withinblocks, 3 levels, fixed) and either location (within-blocks, 2 levels, fixed) or time
(within-blocks, 3 levels, fixed). Sample points at a site were located close to each other
and were likely to be spatially correlated. Thus, I used repeated measures ANOVA to
compare the number of passes for all bats and each echolocation call guild, and the
abundance of insects, for each of the fixed factors and their interactions. Data were
log(x+1)-transformed to remove heterogeneous variances and statistical analysis was
only conducted on successfully transformed data. Greenhouse-Geiser (GG) adjustments
were made to P-values when the GG epsilon suggested a lack of sphericity in withinblocks factors or their interactions (Quinn and Keough 2002). Feeding buzz data were
not statistically analysed, due to small sample sizes.

Individual vegetation structural variables were log-transformed and compared using
repeated measures ANOVA, incorporating three factors in the same configuration as
above: logging history, site (block) and location. Post-hoc tests were conducted for all
significant ANOVA tests, with Bonferroni adjustments made to P-values for multiple
comparisons.

Generalised estimating equations (GEEs) were used to determine the effect of
vegetation structure, log(x+1) insect abundance and their interaction on log(x+1) bat
activity levels for all bats and the guilds with the highest activity levels, during the
evening period. For the GEEs, vegetation structure was represented by an openness
score (with higher scores representing less clutter), calculated for the understorey,
subcanopy and canopy by multiplying the cover class score by the average of the
nearest to 4th nearest stem distances. This score took into account the potential
importance of stems as clutter when cover values were low (e.g. the bole zone). For the
understorey, cover class scores and nearest stem distances were obtained by averaging
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those values for understorey trees and shrubs combined. All cover scores in the
subcanopy were assumed to be 5 (< 10%), due to the lack of foliage and branches at this
level. For the GEEs, each site was deemed to be a cluster within which correlated data
could occur. An unstructured correlation structure was used. Alpha levels of 0.05 were
used for all statistical tests, although some marginal P-values are reported. Where data
were log-transformed for analysis, I present back-transformed means and 95%
confidence intervals, the latter of which will be asymmetrical.

2.3

Results
I recorded 623 bat passes across all logging histories, strata and times in the data

subset examining just the forest location. OS, ESL, ESM and ESH bats comprised 12%,
4%, 26% and 45% of these passes, respectively. There were 1638 bat passes recorded
across all logging histories, strata and locations in the second data subset, examining
just the evening time period. OS, ESL, ESM and ESH bats comprised 12%, 3%, 43%
and 34% of this total, respectively. Activity data for ESL bats in the forest (1st data
subset) and OS bats in the evening (2nd data subset) could not be successfully
transformed to meet the assumptions of ANOVA, and thus were omitted from the
relevant analysis; however, their patterns of activity are described.

2.3.1

Effects of logging history, stratum and time on bat activity – forest only
Vertical stratum had the greatest effect on the activity of all bats and each of the

guilds in the forest. The mean number of passes for all bats was significantly lower in
the understorey than in either the subcanopy or canopy (Figure 2.2a). Logging history
did not significantly affect activity of all bats (Figure 2.2a), although higher activity
levels in the subcanopy and canopy tended to be more marked in old regrowth than
young regrowth (GG P = 0.074 for logging by stratum interaction). Activity of all bats
did not differ across time periods (Figure 2.2a).
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Figure 2.2. Mean number of bat passes (and 95% confidence intervals) recorded per
three hours, in the forest only, for old (OR) and young regrowth (YR) logging histories;
in understorey (U), subcanopy (S) and canopy (C) strata; and in evening (E), night (N)
and dawn (D) time periods; for all, OS, ESL, ESM and ESH bats; a) main effects, b)
breakdown of significant two-way interactions. Solid lines underscore treatments that
do not differ significantly (ESL bats were not analysed statistically).
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ESM and ESH bats were much less active in the understorey than the two upper strata
(Figure 2.2a). For ESH bats, this stratification occurred in both old and young regrowth
(subcanopy > understorey, P = 0.007; canopy > understorey, P = 0.068). However, for
ESM bats, the pattern was only significant in old regrowth, during the dawn sampling
period (subcanopy > canopy, P = 0.014; subcanopy > understorey, P = 0.002; canopy >
understorey, P = 0.001), though the pattern of stratification was essentially the same for
all three time periods (Figure 2.2b). For OS bats (Figure 2.2a), there was a significant
interaction between stratum and logging treatment, with canopy activity significantly
higher than both subcanopy and understorey (P = 0.05 for each) in young regrowth, but
only significantly higher than the understorey (P = 0.01) in old regrowth (Figure 2.2b).
ESL bats had low activity levels but most of it was in the subcanopy and canopy (87%
on average across logging histories and times) and in old regrowth (82 % across strata
and times) (Figure 2.2a – not analysed statistically). Time as a main effect did not affect
activity of the bat guilds (Figure 2.2a). Appendix D shows the ANOVA results for the
effects of logging history, stratum and time on bat activity.

2.3.2

Effects of logging history, stratum and location on bat activity – evening only
Considering only the evening period, there was much more activity on the track

than in the forest for all bats and for ESL (main effects not significant), ESM and ESH
guilds (Figure 2.3a), although the use of tracks varied among bat groups. All bats had
significantly more activity on the track in each stratum but the largest difference was in
the understorey (P = 0.001, Figure 2.3b). ESH bats exhibited a significant difference
with location in the understorey (P = 0.002) but not in the subcanopy (P = 0.325) or
canopy (P = 0.283, Figure 2.3b). There was also a significant location x logging
interaction for ESH bats, with the higher amount of activity on the track only being
significant in young regrowth (P = 0.005, Figure 2.3b), where it was double that on the
track in old regrowth. Conversely, location did not strongly influence the activity of
ESL bats, despite the trend for more activity on the track (Figure 2.3a), especially in old
regrowth. For these bats, the most important effect was a stratum x logging interaction,
where marginal stratification in old regrowth (subcanopy > understorey, P = 0.106) was
replaced by much lower, less stratified, activity in young regrowth (Figure 2.3b).
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Figure 2.3. Mean number of bat passes (and 95% confidence intervals) recorded per
three hours, in the evening only, for old (OR) and young regrowth (YR) logging
histories; in understorey (U), subcanopy (S) and canopy (C) strata; and at forest (F) and
track (T) locations; for all, OS, ESL, ESM and ESH bats; a) main effects, b) breakdown
of significant two-way interactions. Lines underscore treatments that do not differ
significantly (OS bats were not analysed statistically).
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By including the track as a variable in my statistical analysis of activity, the influence of
stratum as a main effect was largely removed for all bats and each guild (Figures 2.2a
and 2.3a). The inclusion of the track also lessened the difference in bat activity between
old and young regrowth, except for ESL bats, which still had an average of five times
more passes in old regrowth, though at a non-significant level (Figures 2.2a and 2.3a).
OS bat activity was not analysed statistically but inclusion of the track altered the
vertical stratification of this guild (Figures 2.2a and 2.3a). Mean activity on tracks was
almost seven times that in the forest and much higher in each stratum, resulting in
similar activity in the two upper track strata (Figure 2.3a), especially in old regrowth.
Activity in old regrowth for OS bats was almost ten-fold that in young regrowth, despite
the higher track activity in both logging treatments (Figure 2.3a). Appendix E shows the
ANOVA results for the effects of logging history, stratum and location on bat activity.

2.3.3

Feeding buzzes for all bats and flight activity of non-guild species
I recorded 131 feeding buzzes for all bats in all forest samples (with no

adjustment for the ‘night’ time period) and evening track samples. Far more were
recorded on the track in the evening (92 buzzes) than in the forest across the entire night
(39), due mostly to feeding activity by ESH bats in the track understorey at two young
regrowth sites. Of those buzzes recorded in the forest, 74% were recorded in old
regrowth. Here, 97% of buzzes were split evenly between subcanopy and canopy strata,
while in young regrowth forest, 70% of buzzes were in the canopy alone.

Thirty-two passes were recorded for Tadarida australis. The average number of passes
per site was similar for old and young regrowth. Most passes were recorded in the
canopy (81%) and the rest were recorded in the subcanopy, both in the forest and on the
track, in both logging treatments. However, the majority of passes in the subcanopy
were matched by simultaneous passes in the canopy. As T. australis has a lowfrequency, intense call and usually flies above the forest canopy (Bullen and McKenzie
2001), the detectors in the subcanopy were probably recording bats flying at or above
canopy level on these occasions. On the contrary, no overlap in detection was evident
for another bat with an intense call, Saccolaimus flaviventris. This species was recorded
on five occasions in combined logging treatments; four passes were recorded in the
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forest canopy and one was in the track subcanopy. The Nyctophilus species group (N.
geoffroyi and N. gouldi) was detected only three times, in the canopy of the track in a
single young regrowth site. I recorded 15 passes of Rhinolophus megaphyllus, 11 in
young regrowth and 4 in old regrowth. Eighty percent of passes were recorded in the
understorey: 7 on the track in old regrowth and 5 in the forest in both old and young
regrowth.

2.3.4

Insect abundance
Considering the data from forest sampling only over all time periods, stratum

had a major influence on insect abundance. Insect abundance was greatest in the
understorey and significantly different from subcanopy and canopy strata abundances
(Figure 2.4a). Despite an average of 2.5 times more insects in old regrowth, high
variability meant there was no significant difference between logging histories (Figure
2.4a). Insect abundance did not differ across time periods (Figure 2.4a). In the evening
sampling period (incorporating both forest and track locations) the pattern of insect
abundance was the same across strata and logging histories as in the forest (Figure
2.4b). Insect abundance did not differ between forest and track locations (Figure 2.4b). I
found no significant interactions between factors. Appendix F shows the ANOVA
results for the effects of logging history, stratum, and time or location on insect
abundance.
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Figure 2.4. Mean number of insects (and 95% confidence intervals) trapped per three
hours, for old (OR) and young regrowth (YR) logging histories; in understorey (U),
subcanopy (S) and canopy (C) strata; and either in evening (E), night (N) and dawn (D)
time periods or at forest (F) and track (T) locations; in a) the forest only and b) the
evening only.

2.3.5

Vegetation structure
Distances to the 1st, 2nd, 3rd and 4th nearest canopy tree neighbours were all

significantly greater in old regrowth than young regrowth forests (F1,8 = 18.98-25.14, P
= 0.001-0.002). Mean canopy tree distances in the quadrants ranged from 4.4-11.3 m
(1st-4th nearest) in old regrowth and 2.8-7.9 m in young regrowth. The mean canopy
height in old regrowth was 30 m, 36% higher than for young regrowth trees (22 m; F1,8
= 12.18, P = 0.008), while the vertical gap of 6 m between canopy and understorey trees
in older forests was 50% greater than that of young regrowth (F1,8 = 6.69, P = 0.032).
There were no significant differences between logging histories for distance to the
nearest neighbour in either the understorey tree (1st-4th mean distances: old regrowth =
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2.3-6.4 m, young regrowth = 1.8-5.4 m; P >0.05) or shrub layers (old regrowth = 1.23.0 m, young regrowth = 1.1-3.2 m; P >0.05). Cover in the canopy averaged
approximately 30-50%, while that at understorey tree, shrub and ground levels was
usually <30%. None of these cover values differed between logging histories as a main
effect. Vertical gaps for understorey tree/shrub and shrub/ground layer pairs averaged
<1 m and did not differ for any factor. Distances to the 4th nearest understorey tree and
the 4th nearest shrub were significantly greater on the track than in the forest (in
accordance with the gap created between stems by the track itself), while cover of
ground vegetation was reduced (F 1,8 = 8.62, P = 0.019; F1,8 = 9.21, P = 0.016; F1,8 =
11.32, P = 0.010, respectively). Appendix G shows the means and confidence intervals
for the vegetation variables.

2.3.6

Vegetation openness and insect abundance effects on bat activity
There was a significant interactive effect of vegetation openness and insect

abundance on bat activity for all bats, ESM bats and ESH bats (OS and ESL bats were
not analysed using GEEs). For each of these groups, increases in both the openness
score and log(insect abundance + 1) resulted in increased levels of log(number of passes
+ 1) (all bats: estimate = 0.0003, SE = 0.0001, Wald = 5.44, P = 0.020; ESM bats:
estimate = 0.0003, SE = 0.0001, Wald = 8.09, P = 0.004; ESH bats: estimate = 0.0003,
SE = 0.0001, Wald = 4.20, P = 0.040; Figure 2.5). As part of this interaction, there was
an estimated decrease in bat activity suggested when openness increased and 15 or
fewer insects were trapped (bottom two lines in Figure 2.5). However, this should be
treated with caution, since such low insect abundance was achieved in less than 12% of
three-hour samples. Bat activity did not increase significantly when openness or insect
abundance were considered alone.
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Figure 2.5. Log(number of passes +1) for all bats, in relation to a score of openness and
log(insect abundance +1) (insect abundance values represented by separate lines),
calculated using generalised estimating equations. Patterns for ESM and ESH bat
activity levels were similar to those for all bats.

2.4

Discussion

2.4.1

Vertical stratification of bats
This is the first study to demonstrate that, in forests, the vertical stratification of

flying bats varies in pattern and degree depending on logging history, on/off track
location and bat echolocation call guild. Vertical stratification of bats was most obvious
inside the forest and in old regrowth. Here, the difference in activity at the
understorey/subcanopy interface was marked, but the degree of stratification in the
upper strata differed with echolocation call guild. Previous studies in mature forests
have also shown variation in stratification of bat activity, attributed to species/species
group (Kalcounis et al. 1999, Hayes and Gruver 2000, Bernard 2001, Kalko and
Handley 2001, Lim and Engstrom 2001, Menzel et al. 2005) and forest type (Kalcounis
et al. 1999, Menzel et al. 2005). Studies in subtropical and tropical forests have further
demonstrated that some species may be exclusive to the canopy or the understorey
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(Schulz 2000a, Bernard 2001, Lim and Engstrom 2001). I did not find any evidence for
stratum exclusivity in my guilds or guild species (unpublished data, M. D. Adams)
inside the forest, although T. australis was probably only active at or above canopy
level. This contrasts with the qualitative, visual observations of O’Neill and Taylor
(1986), who found that each of several bat species in Tasmanian study sites (including
six species from my guilds) tended to concentrate their activity in one of four vertical
bands.

2.4.2

Effects of vegetation structure on bat activity
I found substantial evidence to suggest that forest structure had a strong

influence on the activity of open-space and edge-space bats and their vertical
distribution. Firstly, bat activity was consistently low in the forest understorey,
regardless of bat guild, despite the relatively high abundance of insects there. Only, the
narrow-space flutter-detecting species, R. megaphyllus, was most active in the
understorey (Nyctophilus spp. were probably underrepresented because of their low call
intensity, coupled with the use of old recording technology set to a relatively low
sensitivity level). At understorey shrub level, stem distances ranged from approximately
1-3 m (1st-4th nearest) in both old and young regrowth and the three understorey strata
were separated by vertical gaps of <1 m. Stem distances were greater for understorey
trees, although the shrub layer clutter may have had more influence on bat activity as it
was closer to the detector. Even if this level of clutter could be negotiated by non-clutter
bats, foraging would be less likely (Brigham et al. 1997b, Sleep and Brigham 2003).
Echolocation constraints, such as the masking of prey echoes by background clutter
echoes (Kalko and Schnitzler 1993, Schnitzler and Kalko 2001), and motor constraints,
precluding easy pursuit and capture of insects (Saunders and Barclay 1992), would
make searching for prey in high clutter an energetically costly exercise. These results
are supported by data from other studies showing a negative relationship between bat
activity/presence and the density of understorey vegetation (Law and Chidel 2002, Law
and Chidel 2006, Yates and Muzika 2006).

Secondly, in the forest, bat activity (including feeding) differed most between old and
young regrowth in subcanopy and canopy strata, where the greatest changes in forest
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vegetation structure occurred. Less horizontal space between boles and vertical space
between crowns may have limited the flight activity of bats in the subcanopy and lower
canopy of young regrowth, especially those guilds with lower frequency calls.
Additionally, while canopy cover did not vary between old and young regrowth,
increased tree stem density in young regrowth might have been accompanied by a
decrease in the size of gaps between the canopy tree crowns (Brown et al. 1997, Humes
et al. 1999), although I did not measure this. All of my bat detectors were pointed
towards vegetation gaps. Smaller canopy gaps could interfere with detection of abovecanopy bats (Patriquin et al. 2003) and may reduce the activity of bats in the gaps
themselves. Like my study, increases in bat activity in older montane ash forests were
suggested to be related to larger height differences between primary and secondary
canopies and greater crown separation ratios in the primary canopy (Brown et al. 1997;
ground-based vertically-pointed detectors used). Conversely, a study of bat activity at
different heights in mature and young pine plantations (Menzel et al. 2005) found the
highest activity levels near the ground (2 m height) in mature plantations, where clutter
was less than in young plantations. Thus, my study reinforces the need to sample at
different forest heights to account for forest-specific differences in structure and other
factors potentially influencing bat activity.

Thirdly, activity levels on the track were much higher and more evenly distributed
vertically than in the forest. The only vegetation variables that differed significantly
between the forest and the track were at understorey tree, shrub and ground levels (the
bat understorey stratum), where the strongest difference between forest and track bat
activity occurred. Other studies support the idea that linear landscape features, such as
tracks, tree lines and vegetated riparian areas, can facilitate flight by bats at a range of
heights (Kutt 1993, Verboom and Spoelstra 1999, Menzel et al. 2005). However,
increased clutter within linear forest gaps has been negatively correlated with bat
activity (Lloyd et al. 2006a) and the ground itself would also represent clutter to a bat.
A species’ clutter tolerance (as determined by flight and echolocation morphology) will
likely determine the degree to which it can fly and descend along a linear edge (e.g.
Schaub and Schnitzler 2007a), and this may explain the variable responses of my guilds
to tracks.
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As predicted, the different echolocation call guilds I examined were apparently
progressively more tolerant of increases in clutter with increases in guild call frequency
(and likely increased manoeuvrability; Fullard et al. 1991). While OS bats were most
active in the old regrowth forest at canopy level, where above-canopy areas at least
were clutter-free, ESM and ESH bats displayed equally high activity at subcanopy and
canopy levels. An increase in upper strata clutter in young regrowth confined OS bats
completely to the canopy, drastically reduced ESM activity in the subcanopy and
canopy, but had no substantial effect on ESH activity. Conversely, less clutter on tracks,
particularly in the understorey, allowed more activity in total, less confinement to the
upper strata for each of the guilds and the exploitation of the more abundant insects in
the understorey space by ESH bats. These results, and those for the species, T. australis
and S. flaviventris, are consistent with other studies that demonstrate avoidance of areas
with increased structural clutter and/or greater use of open areas away from clutter by
bats with QCF or low FM-QCF calls, relative to bats with higher frequency FM-QCF
calls (e.g. Glass 1993, Patriquin and Barclay 2003, Sleep and Brigham 2003, Monadjem
and Reside 2008). Increases in structural clutter between my logging and location
treatments would have reduced the maximum vegetation distance achievable or
maintainable by a flying bat inside the forest. As bats using calls with lower
frequencies, longer durations and longer pulse intervals are likely to prefer flight further
from vegetation (Jung et al. 2007), these bats will probably be the most constrained by
smaller distances between stems and vegetation strata, as my data suggest.

I do not recommend extrapolation of the results for my echolocation guilds to the
species within them because of potential anomalies between the echolocation and wing
morphology characteristics of different bat species. Wing morphology will also
influence clutter tolerance in bats (e.g. Menzel et al. 2005), but does not always
correlate as expected with echolocation characteristics (e.g. Jacobs et al. 2007). As I do
not know the contribution made by each species to its guild’s activity, I cannot assume
that clutter tolerance in my species can be readily predicted from echolocation
parameters alone.
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2.4.3. Other potential influences on bat activity
Elevated bat activity in the subcanopy and canopy of old regrowth, compared
with young regrowth, may be partly a result of more abundant mature and overmature
trees, most likely to contain hollows in which bats can roost (Lunney et al. 1988,
Trousdale and Beckett 2005, Sedgeley 2006). The bat species I recorded roost
predominantly in trees, except for Miniopterus schreibersii oceanensis and Rhinolophus
megaphyllus, which typically roost in caves (Churchill 1998). It is difficult to separate
the effects of clutter in young forests from those of roost availability. Small bats with
high-frequency calls (such as my ESH guild) may be proficient at negotiating forests
with higher clutter levels (Law and Anderson 2000), but they may also be more
successful at exploiting the smallest of hollows forming in trees for roosts sites
(Tidemann and Flavel 1987, Campbell et al. 2005), even if these hollows are mainly
restricted to retained mature trees. Conversely, many bats choose roost sites surrounded
by less clutter than sites chosen at random (Kalcounis-Rüppell et al. 2005). Therefore,
any negative impact of hollow abundance on bat activity in young forests could be
amplified by high clutter levels restricting access to potential roost sites. Further
research is necessary to clarify the relationship between clutter and roost availability as
an influence on bat activity, in forests with different logging histories.

Time of night played virtually no part in explaining the variation in bat activity in the
forest. This contrasts with the distinct peaks often found in other studies (O’Shea and
Vaughan 1977, Anthony et al. 1981, Taylor and O’Neill 1988, Hayes 1997). A marked
evening activity peak, followed by low activity, has been suggested to indicate the
movement of bats away from their roosts to distant foraging areas (Thomas 1988,
Fenton et al. 1998, Grindal and Brigham 1999). However, vertical stratification studies
indicate that bats may simply shift to different heights in the forest to access insect
resources or track their changing abundance (Taylor and O’Neill 1988, Kalcounis et al.
1999, Hayes and Gruver 2000). Assuming that I did record the activity of bats
commuting to and from roosts, the patterns observed in my study suggest that roosting
and foraging activity might coincide to a large degree across strata and within different
logging treatments, at least away from the track. However, it is possible that temporal
activity patterns were concealed within the sampling time intervals, which were at least
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three hours in duration and may have incorporated periods without any bat activity
(particularly early evening and late dawn).

2.4.4

Management implications and future research
One of my major findings was the variation in bat activity in different vertical

strata, including interactions of stratum with logging history and horizontal location.
Many studies of bat activity in forests draw conclusions and make conservation
recommendations based on data collected at or near the ground (e.g. Brown et al. 1997,
Law and Chidel 2002, Patriquin and Barclay 2003, Tibbels and Kurta 2003). This could
lead to incorrect inferences and inappropriate management recommendations if
researchers relate their results to the vegetation structure of higher strata or the forest as
a whole. If my study had employed only ground sampling, the total amount of activity
in the forest would have been grossly underestimated for all bats and each guild, the
difference in activity between logging histories in the forest would have been negligible,
and the effect of being on- versus off-track would have been overestimated, especially
for all bats and ESH bats. Future studies of forest bats should assess activity across the
full height of the forest. Bat activity on forest tracks should not be used as an estimate
of activity inside the forest. The activity of forest bats appears to be dependent on both
the constraints of vegetation structure and the availability of prey; therefore, including
measures of these variables should enhance the interpretation of results. Ultimately,
interpretation of forest bat research needs to more rigorously consider the limitations of
the sampling design (Hayes 2000).

One of the main aims of forest managers is to maintain the components of forests that
are central to preserving and enhancing biodiversity. I found that, in extensively
harvested forests, the distribution of clutter and space is an important characteristic for
bats that is altered with different management histories. Based on my findings, I
recommend a number of management actions. Young regrowth stands in Corymbia
maculata forests did not attract as much bat activity in upper strata as old regrowth
sites, especially for open-space and edge-space aerial foragers with characteristic call
frequencies below 48 kHz. These bats likely require relatively large spaces within the
forest for efficient flight or foraging. Conversely, an increase in vegetation openness
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(evident mainly on the track and in the upper strata of old regrowth) allowed bats with
mid- to high-frequency FM-QCF calls to escalate their activity levels when insect
abundance was high. While tracks appear to be important flyways for bats, I have little
evidence to suggest that they alone will ameliorate the effects of greater clutter levels in
young regrowth, as only ESH bats used tracks in young regrowth more than in old
regrowth. For logged forests, I recommend the maintenance of a mosaic of forest
patches of differing logging histories, including regrowth sites of varying age and
unlogged sites, traversed by tracks (but see Hobbs 1992, for a cautionary review of
movement corridors), to ensure that all bats in these forests have access to the variety of
spatial, foraging and roosting resources they require. Disturbances that convert the
vegetation structure of older forests into dense even-aged stands over extensive areas
are expected to have negative impacts on bats. The recent introduction (post 1990s) of a
number of exclusion zones in NSW forests should assist in conserving the diverse
habitat requirements of bats (NSW Department of Urban Affairs and Planning 1999),
although the effectiveness of these prescriptions has received little testing (but see
Lloyd et al. 2006a).

Additionally, the distance between canopy stems and the vertical distance between
canopy and understorey tree crowns should be maintained at levels similar to those in
old regrowth or old unlogged forests where possible, to ensure that enough space for the
flight and foraging activities of a variety of bats is available. This could be partly
achieved by practices such as thinning dense regrowth at appropriate intensities, or the
long-term retention of groups of mature trees and their understorey vegetation (rather
than single distantly separated trees) during heavy logging operations. Retained mature
trees, grouped in patches or corridors, may match the height and upper strata separation
of older regrowth, and could attract use by bats (Hogberg et al. 2002, Hein et al. 2009)
within a stand of younger, shorter regrowth. More research into the effectiveness of
these types of management practices in different forest types, including effects on
individual bat species with diverse clutter tolerances, is needed.
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Chapter 3
A preliminary assessment of the impact of forest thinning on bat
activity: towards improved clutter-based hypotheses
Publication: Adams, M. D. and Law, B. S. 2011. A preliminary assessment of the
impact of forest thinning on bat activity: towards improved clutter-based hypotheses. In:
Law, B., Eby, P., Lunney, D. and Lumsden, L. (Eds.), The Biology and Conservation of
Australasian Bats. Royal Zoological Society of NSW, Mosman, NSW, Australia, pp.
363-379.

3.1

Introduction
Management of forests to conserve biodiversity is a major goal in the logged

forests of New South Wales (NSW) (National Association of Forest Industries 2006).
While the retention of old forest elements (e.g. habitat trees) for fauna during logging
operations has been a practice carried out since the 1980s in this State (Law 2004), less
attention has been paid to other structural components of forests (e.g. the spatial
distribution of vegetation) that may be altered by logging and subsequently affect
habitat suitability for a variety of faunal groups.

Stand structural complexity is often used as a surrogate for biodiversity in a given area
and can be measured in a variety of ways, using any number of structural attributes (e.g.
McElhinny et al. 2005). For microchiropteran bats (microbats), the attributes likely to
be important in describing the structural complexity of forest vegetation include those
related to the abundance of suitable roost sites (e.g. Crampton and Barclay 1998) and
prey items (e.g. Grindal et al. 1999). They also include attributes related to the capacity
of each species to commute and forage on the wing in habitats with varying amounts of
environmental, or structural, clutter (obstacles such as tree boles, branches and foliage),
using echolocation both to navigate and home in on insect prey. Clutter-adapted species
have flight and echolocation morphology suited to dense vegetation, yet they are still
able to fly in more open areas (e.g. Fenton 1990, Brigham et al. 1997a, Pavey 1998).
Edge-adapted species are less manoeuvrable and prefer to fly and forage close to
vegetation, along edges and in gaps and spaces within the forest, though they can also
fly in more open areas (e.g. Siemers and Schnitzler 2004). Open space-adapted bats are
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the least adapted to cluttered environments and are most likely to be found along edges
and above the canopy of forests or in more open habitats elsewhere (e.g. Waters et al.
1999). In the context of flight and foraging constraints, forest structural complexity for
microbats can be viewed as a suite of attributes that describes the amount and
distribution of clutter and space, and the edges they form. Some of these attributes may
differ from those previously used to measure structural complexity (McElhinny et al.
2005). Increased density of forest vegetation is likely to have a negative impact on the
activity of microbats (e.g. Erickson and West 2003, Loeb and O’Keefe 2006),
particularly edge-adapted and open space-adapted species (Chapter 2), as the space
available for them to echolocate and manoeuvre successfully for commuting and
foraging purposes is diminished. Conversely, thinning of densely vegetated forest could
potentially facilitate its use by bats with a wider variety of clutter tolerances.

Clear-fell, uniform selection and heavy group selection (e.g. Australian Group
Selection; Florence 1996) logging leads to even-aged regrowth with high stem density,
in patches of varying size. This regrowth may take many decades to self-thin
sufficiently for the forest to begin to resemble the openness of old regrowth or unlogged
forest (Florence 1996). As such, bats that would normally use these forests could be
negatively affected by increased stem density and environmental clutter on flight and
foraging activity (e.g. Law and Chidel 2001, Law and Chidel 2002, Erickson and West
2003, Loeb and O’Keefe 2006). Silvicultural thinning is often used by forest managers
to open up the forest structure of relatively young regrowth, mainly for the purpose of
reducing competition for resources among trees and promoting the growth of the stand
(Florence 1996). However, whether this also promotes the use of the regrowth by
clutter-sensitive microbats is largely unknown. Few studies have examined the effect of
canopy thinning on bat activity (Glass 1993, Kutt 1995, Fenton et al. 1998, Humes et al.
1999, Patriquin and Barclay 2003, Tibbels and Kurta 2003), with varying results.
Comparisons among these studies is complicated by differences in vegetation type, the
age/density of the canopy when thinned, time since thinning, the extent and pattern of
thinning and sampling methodology, amongst other things.
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Thinning of forest regrowth may affect the structure of vegetation differently depending
on which vertical stratum is examined. For example, thinning, often followed by
burning to stimulate growth (Forestry Commission of NSW 1983, Florence 1996), may
initially remove a certain percentage of trees and understorey. After a few years,
however, regrowth in the understorey may increase the clutter at this level (Specht and
Morgan 1981, Loyn et al. 1983), while the boles of the unharvested canopy trees remain
at a greater distance apart than before thinning occurred. If clutter in thinned forests
varies among strata, we might expect that changes in the amount of bat activity will
track this variation, with more activity from a wider variety of bats in the most open
strata.

Investigations into the ecological effects of logging regrowth have become more
important in recent years. Most old growth forest (“...ecologically mature forest where
the effects of disturbances are now negligible”, JANIS 1997) in Australia is mapped
and, in regions covered by comprehensive regional assessments/regional forest
agreements, 71% of old growth (69% in NSW) is contained in formal and informal
reserves (Keenan and Ryan 2004). Regrowth is now the major source of timber
production in native forests and thinning is a key silvicultural tool in its management.
Therefore, increasing our knowledge of the effects of thinning on fauna and flora is
necessary for the management of biodiversity in logged forests.

The aim of this study was to investigate the vertical stratification of microbat activity,
including different guilds of microbats as determined by echolocation calls, in thinned
and unthinned regrowth forests at least four years after thinning. I concurrently
investigated variation in vegetation structure and insect (prey) abundance in different
strata at thinned and unthinned sites. I predicted that there would be less clutter in the
canopy and subcanopy in thinned sites than unthinned sites, but the same or higher
levels of clutter in the understorey. Following on from this, I predicted that, in
subcanopy and canopy strata, there would be more bat activity in thinned than
unthinned sites, but activity would not differ in the understorey. Bat activity has been
positively associated with the availability of their insect prey (e.g. Taylor and O’Neill
1988, Warren et al. 2000). However, relatively little is known about the availability of
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insects to bats at high clutter levels, although indications are that it is likely to be
reduced (Brigham et al. 1997b, Sleep and Brigham 2003). Therefore, I predicted that bat
activity would be positively correlated with insect abundance in more open strata, but
not necessarily in strata with denser vegetation. In addition to testing my thinning
predictions, I review the available literature on the effect of canopy thinning on bat
activity and attempt to explain the discrepancies in the results of these studies, while
developing new hypotheses for future testing.

3.2

Methods

3.2.1

Study site description
My study was carried out in Spotted Gum Corymbia maculata forests currently

or previously managed for timber production by Forests NSW, within a 14-km radius of
Kioloa on the south coast of NSW, Australia (35°32′S, 150°22′E; for site coordinates,
see Appendix A). I chose six regrowth sites that had been heavily logged 25-50 years
previously. Three of these had been silviculturally thinned or subjected to some
selective logging in the 4-9 years prior to my study, while the other three remained
unthinned. Regrowth was characterised by thin straight trees, 20-25 m in height, and
four essentially distinct vertical strata: canopy trees, understorey trees, understorey
shrubs and ground cover. All regrowth sites were located on upper slopes. Each site had
a track running adjacent to it. Bats commonly use tracks and other linear landscape
features to forage and commute through forests (Krusic et al. 1996, Grindal and
Brigham 1998, Law and Chidel 2002, Lloyd et al. 2006a) and I found these tracks to
have high levels of bat activity (Chapter 2). Therefore, bats had a nearby point from
which to access the forest stands, even if they were not utilising the sites for roosting.

3.2.2

Bat and insect sampling
I conducted bat and insect sampling within the regrowth sites at least 20 m from

the track. At each site I set up three vertically stratified Anabat (Titley Electronics,
Ballina, NSW) detection systems, consisting of a calibrated Anabat II detector
(sensitivity 6-8), delay switch and Optimus audio cassette recorder, containing a 120min cassette (60 min each side). This equipment was stored in a plastic lidded container
with the detector’s microphone protruding through a hole in one side (more details in
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Section 2.2.2). One detection system each was positioned on the ground (understorey),
immediately above small tree level (subcanopy) and just below the tall tree crown
(canopy; see Chapter 2, Figure 2.1). The two latter systems were hoisted up on ropes
suspended from branches, on the same or an adjacent tree, and positioned as close as
possible to the ground detector system. All detectors were angled at 45° from horizontal
and pointed into gaps in the vegetation to minimise the potential attenuation of bat calls
by vegetation (Patriquin et al. 2003).

Three black-light insect traps were set up in an identical vertical configuration (Figure
2.1) at a point in the forest at least 20 m from the bat detectors, but a similar distance
from the track. The bottom light-trap was elevated on a 0.3 m high box. Each light trap
was attached to a timer. This alternated the power supply to the light on and off for onehour periods, always starting with an ‘on’ period, to conserve battery power.
Interruptions to this alternating pattern only occurred briefly three hours after the
beginning of sampling and three hours before the end of sampling, when the lights were
disconnected and the trap contents were retrieved for the purposes of another study. By
suspending the three light traps at the same point in the forest, I maximised the
likelihood that insects flying in a particular stratum would be attracted to and trapped in
the light trap corresponding with that stratum, rather than a trap in a different stratum.
Although the use of insect-attracting lights could influence the activity of bats (Chapter
6), I felt that this effect was more likely close to the light traps than to the detectors.
However, I minimised the potential for the lights to influence bat activity by
discontinuous use of the lights (see above) and by their stratification (so bats would not
alter their flight height).

Bat and insect sampling took place during the summer and autumn of 2001, from 19
February to 15 April. One replicate of each logging treatment was sampled for one night
on separate randomly chosen dates in February, March and April. For logistical reasons,
I could not pair different sites on the same night. However, the pairing of logging
treatments within months was done to remove variability due to seasonal climatic
changes across the study period. I obtained temperature data from the Ulladulla
Automatic Weather Station (22 km north-north-east of Kioloa) for the sampling nights.
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Minimum temperatures ranged from 13.0° C -16.4° C during sampling of unthinned
regrowth and 15.3° C-18.9° C when thinned regrowth was sampled. Maximum
temperatures, taken from half-hourly or hourly readings during sampling hours, ranged
from 19.1° C-20.7° C and from 17.3° C-22.2° C in unthinned and thinned regrowth,
respectively. I avoided sampling during the one-week periods before and after a full
moon, when there is the potential for moonlight to influence insect catches in light traps
(Bowden 1982; Yela and Holyoak 1997) and the behaviour of flying bats (e.g. Reith
1982, Hecker and Brigham 1999). I also avoided sampling in strong winds or
heavy/persistent rain. Sampling began 30 min before sunset and ended 30 min after
sunrise.

The Anabat detector systems recorded the ultrasonic echolocation calls of microbats, in
addition to calibration tones and the time of recording for each call sequence. Bat calls
were analysed using the Anabat 6 and Analook software (C. Corben, version 4.8f), after
downloading the calls onto a computer via a zero crossings analysis interface module
(ZCAIM). My index of bat activity was a pass, which I categorised as a sequence of bat
calls (or pulses) of the same species/species group at least two calls in length, with no
more than five seconds between calls and a maximum sequence length of fifteen
seconds. Bat passes were identified to species or species group with an identification
key (Appendix B; see Section 2.2.2 for further information). Many bat species in my
study area have calls that overlap in frequency with other sympatric species, making
identification of a call sequence to species level difficult. Bat passes from species and
species groups with overlapping call frequencies were placed into echolocation call
guilds, which classified these passes according to similar echolocation call
characteristics. Bats within a guild are likely to have similar flight and foraging
capabilities (Aldridge and Rautenbach 1987, Norberg and Rayner 1987, Fullard et al.
1991), with higher frequency bats being more manoeuvrable and suited to foraging
close to background clutter than lower frequency bats. The four guilds were termed
open-space (OS), edge-space low (ESL), edge-space medium (ESM) and edge-space
high (ESH), the latter three representing low, medium and high call frequencies,
respectively. More details on the features of these echolocation call guilds can be found
in Section 2.2.2 and Appendix C. I did not assess bat feeding activity directly by
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counting the number of feeding buzzes, as the sample size was too low. However, the
number of bat passes is a useful correlate of feeding activity (Law et al. 1998).

The entire volant insect catch for each trap was tallied across the sampling night. This
gave a total of three insect samples per site, one from each stratum.

3.2.3

Vegetation structure
Twenty structural vegetation variables were measured at each regrowth site

(Figure 2.1). Two 20 x 20 m plots, one centred on each of the detector and light trap
positions, were used for structural measurements. In each plot, 5 random points were
chosen (10 in total). At each random point, percentage cover (‘cover’) was measured for
each of the canopy (including subcanopy), understorey tree, shrub and ground (<1 m)
vegetation layers (4 variables). These were categorised into cover class scores: 1 =
≥70%, 2 = 50-69%, 3 = 30-49%, 4 = 10-29% and 5 = <10%. The canopy tree closest to
the random point was located and the space around it divided into four quadrants from a
random starting point. In each quadrant, I measured the distances from the tree to the
nearest stem of any diameter, alive or dead, in the canopy, understorey tree and shrub
layers. Measurements taken for the latter two vegetation layers were to the nearest stem
regardless of the height of the stem, e.g. distance to the nearest stem in the understorey
tree layer could have been to an understorey or a canopy tree, whichever was closer.
These distances for each vegetation layer in the four quadrants were subsequently
ordered from nearest to 4th nearest stem in that layer (12 variables). I also measured the
height to the top of the canopy tree and the vertical distances (gaps) between the bottom
of a crown in one vegetation layer to the top of a crown in the layer below it for
canopy/understorey tree, understorey tree/shrub and shrub/ground vegetation layers (4
variables). Each vegetation variable was averaged over the 10 random sample points.

3.2.4

Statistical analysis
Before analysis, the number of bat passes in each sample was adjusted to

account for the seasonal changes in length of different sample nights over the course of
the study. The shortest sample night was 11.1 hours so all samples were adjusted by the
equation y = x / (no. of minutes in full-night sampling period /660), where x = number
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of passes, to bring them down to an 11-hour sample length. These adjustments ranged
from 81 - 99%. The data were log(x+1) transformed to improve homoscedacity, and
then only statistically analysed if the data met the assumption of homogeneity of
variance. The adjusted number of bat passes for all bats and each of the four
echolocation guilds were statistically analysed using a blocked analysis of variance
(ANOVA) with two crossed within-blocks factors, treated as repeated measures, due to
the lack of spatial independence of the stratum levels. Blocks were the three months
over which the study took place. The logging history factor contained two levels:
unthinned and thinned; and the stratum factor contained three levels: understorey,
subcanopy and canopy. Greenhouse-Geiser adjusted P-values are presented for stratum
and the logging history x stratum interaction, when sphericity assumptions were
violated. Data for recorded bat species not included in the echolocation call guilds were
not analysed statistically, due to small sample sizes.

Vegetation variables were analysed individually, after log(x) transformation, using an
independent samples t-test to compare unthinned and thinned levels of the logging
history factor. After removal of highly correlated (r > 0.70) variables, non-metric
multidimensional scaling (NMDS) was used to visualise the untransformed multivariate
structural vegetation data, using normalised Euclidean distance as the measure of
dissimilarity and 1000 restarts. An analysis of similarity (ANOSIM) was used to
compare these data statistically, using 999 permutations. A principal components
analysis was also used on the selected variables to assess which variables contributed
most to the first and second principal component axes, using normalised data. The
computer program, PRIMER 5 (Clarke and Gorley 2001), was used for multivariate
vegetation analysis. In all statistical analyses, an alpha value of 0.05 was used. Where
data were log-transformed for analysis, I present back-transformed means and 95%
confidence intervals, the latter of which will be asymmetrical.

The relationship between the unadjusted bat and insect data were examined on a scatter
plot, to determine whether bat activity increased with the number of insects in all
samples, and in those samples with the least structural clutter. Robust correlation
analysis could not be conducted because of the small sample size for independent
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observations. Missing insect data from the canopy of one thinned site were estimated
(see Section 2.2.4 for details).

3.3

Results

3.3.1

Bats
Before adjustment of activity levels, there was a total of 263 bat passes recorded

in my study. Of these, 4% were OS bats, 2% were ESL bats, 24% were ESM bats and
58% were ESH bats. The remaining 12% of bat passes were from species not belonging
to these guilds, such as Tadarida australis, Saccolaimus flaviventris and Rhinolophus
megaphyllus, or species groups containing species from more than one guild, as well as
unidentifiable calls (very poor quality: 2%).

For all bats combined, there were 99 passes recorded in unthinned regrowth and 164
passes recorded in thinned regrowth. Despite this difference and an average value more
than double that of the unthinned sites, variability was high and the number of passes in
thinned regrowth was not significantly higher (P = 0.561, Table 3.1, Figure 3.1a). There
was no significant difference in bat activity between strata, despite a progressive
increase in the number of passes from understorey to canopy (P = 0.299, Table 3.1,
Figure 3.1a). There was no interaction between logging history and stratum factors (P =
0.912). Appendix H shows the ANOVA results for total bat activity.
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Table 3.1. Estimated marginal means and 95% confidence intervals (CIs) for the
number of bat passes in unthinned (n = 3) and thinned (n = 3) regrowth and in the
understorey, subcanopy and canopy, for all, edge-space medium-frequency (ESM) and
edge-space high-frequency (ESH) bats. Raw data were adjusted for night length.

All bats

ESM bats

ESH bats
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Treatment
Unthinned
Thinned

Mean
3.5
7.9

95% CI
0-31.1
0-262.6

Understorey
Subcanopy
Canopy

1.9
5.5
12.4

0-25.8
0-84.7
0-287.4

Unthinned
Thinned

1.0
1.2

0-23.6
0-43.3

Understorey
Subcanopy
Canopy

0.3
1.2
2.2

0-3.5
0-10.2
0-24.8

Unthinned
Thinned

1.7
3.7

0-21.1
0-153.5

Understorey
Subcanopy
Canopy

1.1
2.9
4.3

0-5.1
0-33.5
0-166.1
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Figure 3.1. Number of a) bat passes and b) insects, in unthinned (UR) and thinned (TR)
regrowth (pooling strata) and in the understorey (U), subcanopy (SC) and canopy (C)
(pooling logging treatments), in each of the three replicates (blocks) used in the study.
Raw data were adjusted for night length.
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OS and ESL bats were not analysed statistically because they did not meet the
assumptions of the ANOVA. However, OS bats were recorded in both unthinned and
thinned regrowth, but only at canopy height. ESL bats were very infrequently recorded,
with only one pass recorded in the understorey of a thinned site and the remaining five
at canopy level in both logging treatments. Activity of ESM bats did not differ
significantly between logging histories (P = 0.923, Table 3.1) or among strata (P =
0.241, Table 3.1) and there was no interaction between logging history and stratum (P =
0.549). The same results applied to ESH bats for logging history (P = 0.651, Table 3.1),
stratum (P = 0.455, Table 3.1) and their interaction (P = 0.414). The patterns of activity
for these guilds were similar to that for all bats with slight increases in activity with
thinning and with an increase in stratum height, but with high variability at all factor
levels. Appendix H shows the ANOVA results for ESM and ESH bat guild activity.

Tadarida australis and S. flaviventris, two open space adapted bats known for flying
above forest canopies, were recorded in low numbers (11 and 2 passes, respectively),
but in both logging treatments and only at canopy height. R. megaphyllus, a cluttertolerant bat, was recorded in understorey and subcanopy strata at one unthinned site
only (4 passes). I did not record the clutter-tolerant Nyctophilus spp. echolocation group
(comprising N. geoffroyi and N. gouldi), despite their common capture in harp traps at
the same sites (on different nights, after call sampling). (This is likely to be an artefact
of the detector set-ups. These bats have low-intensity calls and the older technology I
used to record bat calls (audio tapes), coupled with sensitivity levels on the detectors
being set slightly on the low side, probably meant that if any Nyctophilus spp. calls were
recorded, they were of very poor quality and indistinguishable from other bats of similar
frequency.)

3.3.2

Vegetation
Logically, the distances to the 1st, 2nd, 3rd and 4th nearest stems were

progressively smaller at lower heights in the forest, and vertical gaps were also smallest
between the lowest forest strata. Therefore, considering these variables, clutter levels
were highest in the understorey. However, cover of vegetation was more variable with
respect to stratum, ranging from 10-70% at ground level and 30-70% in the canopy, but
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usually less than 30% in understorey tree and shrub layers. When tested individually,
only two vegetation variables differed significantly between thinned and unthinned
forest sites. Cover of shrubs was higher in thinned forests (P <0.001), a consistent 1030%, compared with <10% in unthinned forests. The vertical gap between canopy and
understorey trees was half the height in thinned, than unthinned, sites (3.1 vs. 6.2 m,
respectively; P = 0.002). Mean distances to the 1st, 2nd, 3rd and 4th nearest canopy tree
were marginally greater in thinned regrowth (3.0-7.5 m, range 1st-4th nearest; 5.1 m,
median) but not significantly different from those in unthinned regrowth (2.3-7.2 m; 4.4
m). Appendix I shows the means, confidence intervals and t-test results for the
vegetation variables.

A NMDS plot of the multivariate vegetation data indicated a separation of thinned and
unthinned regrowth sites, at least along one axis (Figure 3.2a). An ANOSIM, however,
suggested only a marginal difference in the multivariate data between logging
treatments (Global R = 0.779, P = 0.10). A PCA plot showed a very similar pattern to
the NMDS plot of separation of logging histories along one axis (Figure 3.2b). PC1 and
PC2 together accounted for 75% of the total variation in the multivariate vegetation
data. Partitioning of thinned and unthinned regrowth occurred in PC1 (Figure 3.2b),
which made up 44.7% of the total variation. The change from unthinned to thinned
regrowth in PC1 was characterised by an increase in the distance to the nearest stem in
the canopy and understorey tree layers and less cover in the canopy (less clutter, Table
3.2). However, it was also represented strongly by closer stems and greater cover in the
shrub layer, as well as smaller vertical gaps between canopy/understorey tree and
understorey tree/shrub crowns (more clutter, Table 3.2). PC2 (30.3% of the total
variation) represented differences in vegetation variables within logging histories, rather
than between them (Figure 3.2b, Table 3.2). It was dominated by an increased distance
to the nearest understorey tree and shrub and less canopy cover but also a smaller
distance to the nearest canopy tree.
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Figure 3.2. Multivariate vegetation structure plots for unthinned (UR) and thinned (TR)
regrowth sites, using a) non-metric multidimensional scaling (NMDS) and b) principal
components analysis (PCA). Seven variables were used. NMDS used the Euclidean
distance measure. Data were normalised for both analyses.
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Table 3.2. Eigenvectors for PC1 and PC2 in principal components analysis of
multivariate vegetation structure in unthinned and thinned regrowth sites (n = 3). Seven
variables were used. Data were normalised before analysis. PC1 and PC2 contained
44.7% and 30.3% of the total variation, respectively.
Variable

PC1

PC2

Cover - Canopy/Subcanopy (Can)

0.220

0.452

Cover - Understorey shrub (US)
Nearest stem - Can

-0.552
0.395

0.062
-0.295

Nearest stem - Understorey tree (UT)

0.229

0.500

Nearest stem - US

-0.153

0.582

Vertical gap - Can/UT

-0.500

0.045

Vertical gap - UT/US

-0.406

-0.053

The changes in nearest stem distance between thinned and unthinned regrowth at
canopy, understorey and shrub layers can also be applied to the 2nd nearest, 3rd nearest
and 4th nearest stem, as all three were strongly correlated with the distance to the
nearest stem in their specific layer (r: range = 0.76-0.99, median = 0.96). Cover of
understorey trees was also correlated with canopy cover (r = 0.79), while ground cover
was negatively correlated with both of these (-0.72, -0.93, respectively). Height of
canopy trees and the vertical gap between shrub and ground crowns were each
correlated with a number of variables. However, both were highly negatively correlated
with canopy and understorey tree cover (height of canopy trees: -0.78, -0.80,
respectively; vertical gap shrub/ground: -0.87, -0.88, respectively).

3.3.3

Bat activity and insect abundance
Like bat activity, insect abundance was highly variable (Figure 3.1b). The

unadjusted number of insects per night ranged from 12-528. At five of the six sites,
insect abundance was higher in the understorey than in the subcanopy and canopy.
There was no clear increase in bat activity as insect abundance increased, when all
samples were included (Figure 3.3). The removal of understorey samples in thinned
regrowth, where cover of shrubs was higher than in the unthinned sites, did not change
this pattern substantially. However, the removal of both thinned and unthinned
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understorey samples, which had higher clutter values for stem distance and vertical gaps
than the upper strata, removed a number of points with high insect numbers and low bat
activity. There was some indication of a concomitant increase in the two variables for
the remaining data (Figure 3.3).

80
70

No. of Passes

60
50
40
30
20
10
0
0

100

200

300

400

500

600

700

No. of Insects

Figure 3.3. Number of bat passes plotted against number of insects for all samples (n =
18). Closed circles are data from subcanopy and canopy samples. Open circles are data
from understorey samples. Data were not adjusted for night length.

64

800

Chapter 3. Forest thinning and bats

3.4

Discussion

3.4.1

High variability among and within sites
The level of thinning as described in this study had no statistically significant

effect on total bat or bat guild activity 4-9 years after the event. Variability was high
and, while there was some indication of an increase in activity in thinned sites and with
increasing stratum height, the pattern was inconsistent. Because of the low level of
replication (three replicates for each logging history), I cannot be confident that the high
variability in bat activity in thinned and unthinned sites is representative of that in all
possible thinned and unthinned sites of the type I sampled. Bats can show high temporal
variation in activity among nights (Hayes 1997) and seasons (Russ et al. 2003). I
followed a paired sampling regime to account for variation among seasons. However, I
was not able to sample sites belonging to seasonal pairs on the same night, potentially
increasing the impact of variability among nights. Insect abundance has been linked
positively to bat activity in many studies (e.g. Anthony et al. 1981, Taylor and O’Neill
1988, Lee and McCracken 2005) and my insect data were also highly variable, across
thinned and unthinned sites and among strata. Potential sources of variability in bat
activity such as temperature (Richards 1989), wind (Adam, et al. 1994, Verboom and
Spoelstra 1999), rain (Fenton et al. 1977) and topographic position (Lloyd et al. 2006a),
were broadly controlled for. Other possible contributors to variability such as stand
productivity (Recher et al. 1985), the threat of predation (Fenton et al. 1977) and the
availability of roosts, were not. Despite the potentially high background variation for
the logging history factor, it is important to note that a full set of stratum treatments was
sampled at every site, thus removing background variation due to sampling on different
nights and in different sites for the stratum factor. Therefore, I have more confidence in
my comparison of strata and the interaction between stratum and logging history.
Sampling of bat, insect and clutter variables, along with an assessment of vertical
stratification, has not occurred prior to my studies (see also Chapter 2). This was a
logistically difficult exercise that limited site replication to three. I argue that sampling
two sites per night with one detector, to block logging treatments within nights, would
not have eliminated between-site variability, and that interpretation of the results,
especially changes in clutter levels, would have been limited by the stratum in which
sampling occurred. My results emphasise the high variability in bat activity among
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vertical strata in my regrowth sites (likely influenced by low overall bat activity levels),
and this is an important consideration for the design of future studies on regrowth
thinning. With full acknowledgement of the limitations of my preliminary investigation,
the following discussion focuses on my results in light of the changes I observed in
clutter between logging histories, and bat-clutter relationships found in other forest
management studies.

3.4.2

Assessment of structural clutter with respect to bat activity
If clutter is an important factor influencing bat activity levels, the variability I

measured in activity could be a partial reflection of the variability I found in the
vegetation structure between and within logging histories. Although multivariate
analysis partly differentiated between unthinned and thinned regrowth sites, based on
changes in several vegetation variables, only two of these variables differed
significantly when analysed individually. Additionally, both NMDS and PCA plots
revealed substantial variability in multivariate vegetation data within logging histories.
Furthermore, vegetation structure varied differently with thinning depending on the
stratum examined and the variable considered. As expected, thinned (relative to
unthinned) regrowth was characterised by a slightly wider separation of stems and less
cover in the canopy/subcanopy, but with closer stems and denser cover in the
understorey vegetation layers (understorey trees, shrubs and ground vegetation). I did
not, however, anticipate that the vertical separation of adjacent vegetation layers would
be reduced in thinned sites, particularly in the subcanopy (bole) zone between canopy
and understorey trees. This may have contributed to a lack of a consistent increase in
activity in thinned sites. If thinning of temperate eucalypt regrowth was typically to
result in a compression of space between canopy and understorey strata, it may have
important consequences for a number of bat species known to fly commonly in the bole
zone, especially those with morphology suited to edge or gap habitats (e.g. V.
darlingtoni, C. morio, C. gouldii and F. tasmaniensis, O’Neill and Taylor 1986; V.
pumilus and C. morio, Rhodes 1998). Any benefit gained by the bats from the increased
spacing of tree boles at this height may be undermined by the reduction in vertical
space. The processes causing the vertical compression of the bole zone that I observed
in thinned sites are unknown, but could include the removal of taller trees during
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thinning, an increase in the live crown ratio of canopy trees after thinning (Medhurst et
al. 2001) and accelerated vertical growth of the understorey, relative to the canopy, after
thinning (Bailey and Tappeiner 1998, Mesquita 2000).

Despite the reduction in vertical gap space between vegetation layers in thinned forest,
other structural vegetation attributes did contribute to less clutter with thinning and,
thus, an increase in bat activity might still have been expected. However, in Corymbia
maculata forests, the structure of the subcanopy and canopy in older regrowth forest
(not logged for the past 50 years) was much more open than that in my pooled
(younger) regrowth sites and had more bat activity (significant interaction between
logging history and stratum for OS and ESM guilds), despite high variability (Chapter
2). Vegetation structure was thought to be an important determinant of differences in bat
activity between older regrowth and pooled younger regrowth forests in that study and
other research supports this contention (Brigham et al. 1997b, Law and Chidel 2002;
Lloyd et al. 2006a). Therefore, although thinning in this study did produce a
convergence in some aspects of structure with older regrowth, it was not enough to
restore activity levels to those of forests which more closely resemble the unlogged
state. Current thinning prescriptions aim for tree spacing in the vicinity of 5-6 m (e.g.
Forests NSW 2008), and nearest stem distances of my canopy trees approximated 5 m
in thinned sites. If forest stands with this stem density provide insufficient space for
foraging bats, thinning prescriptions will need to be reassessed to improve biodiversity
outcomes, at least for bats.

The failure of the thinning treatment to increase bat activity levels in the upper strata of
the regrowth forests I studied, even when activity levels on the nearby tracks remained
high (Chapter 2), suggests that there are thresholds of vegetation clutter for bats
(specifically edge- and open-space foragers), above which activity will always remain
low. Although some laboratory studies have attempted to quantify flight constraints of
bats (Aldridge and Rautenbach 1987, Rhodes 1998, Bullen and McKenzie 2001),
observations of bats in more natural situations may provide a better understanding of the
realised limitations placed on different bats by clutter in their environment. For
example, bats may be able to fly in denser vegetation than they can efficiently forage in.
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This could occur for a number of reasons. Firstly, bats may have difficulty detecting
insect prey with echolocation when background clutter is nearby (Simmons et al. 1979),
possibly due to masking of the insect echoes by the echoes from the clutter (Kalko and
Schnitzler 1993, Schnitzler and Kalko 2001), although some bats may display a
tolerance to overlapping echoes (Schnitzler and Kalko 1998, Siemers and Schnitzler
2000). Additionally, bats have been shown to focus their sonar beam on objects of
interest (Ghose and Moss 2003). If vegetation is too dense, it is possible that many bat
species may not be able to switch their focus from the obstacles they need to avoid in
flight to potential prey items in their vicinity. This might result in a reduced capacity to
separate the insects from background clutter (Schnitzler et al. 2003), and thus to track
and capture them. Even if a bat can detect and focus its sonar beam on insect prey, the
volume of space required for intercepting prey may be more than that necessary for
basic flight. Bats are commonly found to display sudden changes in flight direction
when pursuing and attempting to hawk volant insect prey (Fenton and Morris 1976,
O’Shea and Vaughan 1977, O’Neill and Taylor 1986, Hickey and Fenton 1996). Flight
in highly cluttered forests could be less likely if bats are unable to execute successful
foraging manoeuvres (Saunders and Barclay 1992). All of the factors discussed above
could result in insufficient net energy gains for bats when clutter levels are above a
particular threshold, leading to an avoidance of denser habitats. Thus, any possible
positive relationship between bat activity and insect abundance could be largely
overridden by clutter constraints, a notion supported by other studies (Brigham et al.
1997b, Sleep and Brigham 2003, Chapter 2). This was the probable scenario for bat
activity in the understorey of my thinned and unthinned sites. Here overall insect
abundance tended to be high, but clutter values were also high and bat activity low,
relative to upper strata, suggesting that foraging at this height did not incur sufficient
nutritional returns. Even in the upper strata, a possible response of bat activity to
increases in insect numbers was not clear-cut, lending support to the clutter threshold
argument.

3.4.3

Assessment of other forest thinning studies
Two studies conducted on the effect of forest thinning on bat activity may give

some indication of the degree to which flight is restricted by different bats depending on
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the amount of clutter, expressed as tree density. Humes et al. (1999) found that
Douglas-fir regrowth forest thinned 9-24 years before had more total bat activity and
more activity from bats with minimum frequency calls ranging from 37-47 kHz (similar
to my ESM bats) than unthinned stands of the same age, but similar activity from these
groups as old-growth stands. Thinning in this study decreased the number of trees per
hectare from 418.2 to 184.3, comparable to the density of 155.3 in old-growth (Humes
et al. 1999). However, bats with calls ≥47.5 kHz (similar to my ESH bats), did not differ
in activity levels between thinned and unthinned sites, but were more active in oldgrowth (Humes et al. 1999). This suggests that clutter was potentially important in
determining activity levels in all bats and bats with calls 37-47 kHz, especially as other
structural variables varied similarly to tree density with thinning (although cover of
shrubs increased, Humes et al. 1999). A rough conversion of tree density per hectare to
distance between stems (distance = 100 / √density), which assumes that stems are
evenly distributed (only likely in plantations, orchards, etc.; Brower et al. 1990), gives
average inter-stem distances as 8.0 m in old-growth, 7.4 m in thinned regrowth and 4.9
m in unthinned regrowth in the Humes et al. (1999) study.

Conversely, Tibbels and Kurta (2003) found no difference in total bat activity between
thinned and unthinned red pine plantations 5-11 years after thinning took place.
However, activity levels were much higher in large openings in the same forest stands.
Thinning here reduced tree density from 22 to 12 per 100 m2, equivalent to a drop from
2200 to 1200 trees per hectare. With conversion of these values to average distance
between stems, unthinned stands were separated by 2.1 m, with thinning only increasing
this to 2.9 m. Therefore, while the reduction in tree density was statistically significant,
the increase in the distance between stems was only small and perhaps insufficient to
accommodate the flight of most bats (Tibbels and Kurta 2003). This study was
conducted in plantations (Tibbels and Kurta 2003) and, thus, presumably involved
evenly spaced trees in lines. While sufficiently wide linear spaces within forest
vegetation could enhance the activity of bats (Krusic et al. 1996, Grindal and Brigham
1998, Law and Chidel 2002, Lloyd et al. 2006a), it should be emphasised that the
structure of a tree (bole, branches and foliage), as well as the presence or absence of
understorey vegetation, will determine whether tree stem distances of 3 m will be
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adequate to provide a continuous gap. Therefore, inter-stem distances should be viewed
as the maximum potential space in the horizontal plane available for bats in any stratum.

It is important to note that the above two studies were only conducted from near ground
level, which may have limited call recordings to the lower part of the forest (e.g.
beneath the Douglas-fir canopies, Humes et al. 1999). The problems of recording in the
understorey may have been partly overcome by the placement of the detectors 1 m
above the ground in these studies (Weller and Zabel 2002, Patriquin et al. 2003), but the
range of the detectors will likely still have been limited. Also, detection range should
have been smaller for bats with higher frequency calls, as these attenuate faster in air
than lower calls (Griffin 1971). Importantly, the vertical distribution of vegetation
layers and space was not described in detail in either study, making interpretation of the
amount of space within the likely detector range difficult. Keeping these potential
difficulties in mind, I can still say that in the Humes et al. (1999) study, forest with
average inter-tree distances of less than 5 m had the least amount of bat activity, while
in the Tibbels and Kurta (2003) study, average tree stem distances of less than 3 m had
consistently low bat activity. Additionally, Humes et al. (1999) described bat activity
levels approaching those of old-growth in thinned regrowth forest, with an average
inter-stem distance of greater than 7 m. These results are consistent with measurements
of bat activity and vegetation structure taken in three vertical strata in C. maculata old
and young regrowth forest in my study area (Chapter 2). Here, activity in the canopy
and subcanopy of old regrowth (average tree separation of 7.6 m; unpublished data) was
more than twice that of young regrowth trees (average separation of 5.1 m; unpublished
data). In the understorey of each of the logging treatments, where stems were separated
by an average of less than 4.5 m (unpublished data), activity was consistently low
(Chapter 2). Erickson and West (2003) also found a negative association between bat
activity and tree density. Therefore, despite differences in forest type and experimental
design, there appears to be some potential to link bat activity levels to nearest stem
distances (or stem density) within a forest.

The pattern of consistently low bat activity at small inter-stem distances is supported by
other studies, including one conducted in wet sclerophyll forest on the north coast of
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NSW (Law and Chidel 2002). Here, bat activity was conducted from ground level.
Although 14-year old regrowth stems were separated by distances of 1.7 m or less,
unlogged forest tree densities were dominated by rain forest understorey trees, and
stems at this height were separated by only 3.7 m. High-frequency edge-foraging bats
recorded in the study did not differ in activity levels between unlogged and regrowth
forest (Law and Chidel 2002). In another study, the foraging activity of small highfrequency bats was negatively affected in dense artificial clutter (Brigham et al. 1997b),
where vertical strands of twine, each separated by 1 m, were suspended in a 3dimensional array adjacent to a forest/clear-cut edge.

Although reducing the density of stems in regrowth forest is likely to increase bat
activity, the benefits to bats of reducing clutter may become progressively less above a
certain average inter-stem distance, especially once open space- and edge-adapted forest
bats have sufficient space to forage efficiently. When foraging space is adequate,
removal of canopy trees is increasingly likely to impact bat communities through the
loss of resources such as foraging habitat (Lumsden and Bennett 2005), which might
include vegetation edges for hunting along or the presence of sufficient prey items. This
might explain why logging or other disturbance (including past disturbance) to canopy
trees, in more open mature forests (e.g. Glass 1993) or woodlands (e.g. Fenton et al.
1998, Lumsden and Bennett 2005) does not appear to have an impact on bat
communities relatable to flight or foraging constraints caused by structural clutter.
Therefore, I cannot assume that all tree densities below a particular density threshold
will be consistently, or progressively more, beneficial to bats.

Two other thinning studies conducted much closer to the time of thinning are more
difficult to assess in terms of clutter thresholds for bats. Patriquin and Barclay (2003)
found that 0.5-1.5 years after thinning previously unlogged forest of three floristic
types, the larger bat Lasionycteris noctivagans was more active in thinned sites, while
the smaller Myotis spp. group did not show different activity levels, although foraging
activity for the latter (not examined in my study) varied in a more complex way
(Patriquin and Barclay 2003). The different levels of thinning comprised a combination
of machine corridors and additional cutting in retention strips to the specified level.
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Detectors were placed in retention strips but within a few metres of machine corridors
(Patriquin and Barclay 2003), both of which could have potentially contributed to
recorded bat activity, especially as bats were also detectable above the canopy from
detectors 1 m above ground level (canopy height not stated; Patriquin and Barclay
2003). Because the percentage tree retention was a combination of cleared and partially
cut areas, average stem distance estimates are unlikely to represent individual inter-stem
distances very well, and the machine corridors might have contributed a partial flyway
effect on bat activity. Activity along linear features such as tracks and riparian zones is
often relatively high and bears little, if any, resemblance to activity in adjacent forest
(Krusic et al. 1996, Law and Chidel 2002, Lloyd et al. 2006a, Chapter 2). Kutt (1995)
found no difference in activity of all bats or any bat guild in regrowth forest thinned 1-5
years previously. However, it is likely that the placement of detectors in flyways in that
study (Kutt 1995) resulted in activity levels not representative of the surrounding forest.

3.4.4

Measures of vegetation structural complexity for bats
Although my measures of vegetation structure were quite simple, I believe they

provide a useful indication of the space available for bats, especially in forest
environments where strong vertical stratification of the vegetation can occur and
continuously vegetated layers may constitute a barrier to bat flight. Stratification and
continuity of strata will likely vary depending on factors such as floristic composition,
climate, aspect and soils. Where foliage layers are clearly separated, distance to the
nearest stem and vertical distance between layers are key additions to cover percentages
to give a realistic quantification of space and clutter between these foliage bands. The
vertical distance between layers was reduced in thinned regrowth and might have helped
to explain the persistently low levels of bat activity there, despite the horizontal
widening of gaps betweens canopy tree stems. However, distance to the nearest stem
did not differ significantly after thinning, including canopy trees, and this alone may
have been sufficient to prevent increased bat activity. Therefore, the vertical gap
variable may not be enough to describe effects of clutter on bat activity in the bole zone
and other foliage-free zones between layers of vegetation. It is suggested that the
distance to the nearest stem is an essential component of bole zone clutter for bats,
particularly as tree density in a forest increases. Indeed, the distance to the nearest stem
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might be a better indicator of clutter than percentage cover within foliage layers at lower
heights, where stem separation can be very small, even when cover is less than 10%
(e.g. the shrub layer in my unthinned sites). Where stem separation is larger, cover of
vegetation might be a preferred structural attribute to use to describe clutter. However,
the measurement of cover does not take into account the size or distribution of gaps
within the foliage and branches; yet gaps could be an important component of forest
structure for bats, determining the ability of bats to move vertically through vegetation
layers. Crome and Richards (1980) showed that large interconnected gaps can
accommodate a bat community distinct from that found in the surrounding forest.
Future research should assess the relationship between gap size and bat activity within
foliage layers, using the range of gaps sizes found in logged and unlogged forests of
different ages. If vegetation gaps are not measured, inter-stem distances may provide a
useful surrogate with which to estimate the abundance and/or size of gaps within foliage
layers, especially when cover values are similar among logging treatments. Greater
inter-stem distance between trees has been associated with greater size of (Brown et al.
1997), and less distance to (Humes et al. 1999), canopy gaps. Weighting cover
percentages by inter-stem distances (e.g. Chapter 2) may, therefore, provide a more
representative assessment of space in a foliage layer than cover alone. As the stand
structural complexity could provide a useful surrogate for bat diversity in future studies,
more research is required to determine a more comprehensive suite of structural
attributes that adequately describe the spatial requirements of commuting and foraging
forest bats.

3.4.5

Thinning, echolocation call guilds and clutter-tolerant species
Any effects of vegetation structure on bat activity in unthinned and thinned

regrowth forests should vary depending on the clutter tolerance of the bat species in the
community. In my study, where I examined one open-space and three edge-space
guilds, 82% of passes belonged to the two highest frequency guilds, ESM and ESH bats,
and only 6% were identified as the lower frequency OS and ESL bats. None of these
guilds benefited from thinning of the regrowth. However, clutter levels in the two
logging treatments might have been too high to allow the lower frequency guilds to
exploit them effectively (Chapter 2). Therefore, thinning operations should be designed
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to ensure that clutter levels are reduced, in places, to a level appropriate to
accommodate bats with a range of call frequencies, which should also relate
approximately to a range of clutter tolerances. Any index of stand structural complexity
for microchiropteran bats should reflect this diversity.

I was not able to assess the impact of thinning on clutter-tolerant bats such as
Nyctophilus spp., Rhinolophus megaphyllus and Kerivoula papuensis. These bats may
be more tolerant of a reduction in clutter than open- and edge-space bats are of an
increase in it (e.g. Fenton 1990, Brigham et al. 1997a, Pavey 1998). In wet sclerophyll
forest, R. megaphyllus has shown a greater use of less cluttered tracks compared to
adjacent forest with a high density of rainforest stems (Law and Chidel 2002). However,
in another study, this bat preferred woodland over edge and grassland habitats and never
foraged in grassland (Pavey 1998). Conversely, N. gouldi showed no preference for onor off-track location in dense forest (Law and Chidel 2002). The impact of thinning on
K. papuensis is difficult to assess. This bat prefers rain forest and gullies for roosting
but often forages on upper slopes (Law and Chidel 2004). This spider-eating specialist
(Schulz 2000a) may be reliant on access to the greater numbers of web-building spiders
found as understorey stem density increases (Law and Chidel 2004). As thinning
increased shrub stem density slightly in my study, it is possible that this would benefit
K. papuensis. However, as all of the above bat species have call and wing morphology
adapted to foraging in cluttered habitats, it is not advisable to assume that thinning
would have little or no negative impact on their activities. Future research into the
effects of thinning on these species is required. In the interim, thinning of regrowth
should be conducted in such a way that some cluttered areas are retained and the
structure of the forest on a landscape scale retains heterogeneity.

3.4.6

Potential influence of roost availability on bat activity
Interpretation of my results requires consideration of the role of roost

availability in determining the amount of bat activity in thinned and unthinned sites.
Both of my treatments contained some large trees with obvious hollows (probably
retained as seed trees) and my sampling equipment was often suspended from their
spreading branches. These older trees are most likely to contain hollows suitable for use
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as bat roosts (Lunney et al. 1988, Bennett et al. 1995, Gibbons et al. 2000), and such
trees occur scattered throughout regrowth forests in NSW (currently ten hollow-bearing
trees and ten recruitment trees per two hectares must be retained during regrowth
logging operations; New South Wales Government 1995a). The thinning process may
have reduced the availability of roosts by creating increased clutter (and possible
decreased access to roosts), especially in the understorey shrub layer. However, thinning
could also have resulted in increased access to existing hollows where clutter was
reduced (Kalcounis-Ruppell et al. 2005), as well as the creation of new hollows where
logging activity caused damage to unlogged trees. Future studies should examine the
relationship between bat activity, hollow availability and clutter for regrowth sites with
various thinning intensities.

3.4.7

Future research and hypotheses
Studies on the impact of thinning dense regrowth forest on bats are few and

difficult to compare. However, it is important to identify patterns in the results of these
studies so that future research can test more specific hypotheses and attempt to isolate
the variables associated with thinning that can actually influence bat activity. In terms of
structural clutter, it is essential that thinning studies assess the effects of changes in
clutter levels for multiple vertical strata, as high stem density in the understorey could
lead to an underestimate of bat activity in ground-based call detection or trapping
studies. I also recommend that thinning studies incorporate more replication and
thinning treatments (including control) are blocked within nights, if possible. The ability
to conduct unmanned recording of bat activity over multiple nights (at least using
Anabat), a recent advance not available at the time of this study, should allow larger
numbers of bat recordings to be collected per detector sample, possibly reducing
variability among treatment replicates. I emphasise, however, that following the above
recommendations will require investment in a number of detector units and multiple
field staff. The cost will be higher for monitoring prey availability; however, I
recommend the collection of these data also, as it may shed light on bat activity levels
not explained by changes in structural clutter. Based on my studies of vertical
stratification in regrowth sites subjected to different management practices (this study
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and Chapter 2), and on other thinning studies reviewed here, I put forward a number of
hypotheses for future testing, which are set out below.

(1) In a community containing edge- and open-space aerial foraging bat species with a
range of call frequencies, activity will approach maximum levels where thinning results
in average stem separation exceeding 7 m (~200 stems per ha), will be reduced with
average inter-stem distances of 3-7 m and will remain at low levels where average stem
separation is less than 3 m (~1,100 stems per ha).

(2) Edge-/open-space bats with lower frequency calls will require more intensive
thinning than those with the highest frequency calls.

(3) Stem separation and vertical space in the bole zone (subcanopy) will interact, with
high values of both variables producing the most bat activity.

(4) Highly cluttered forests will have low bat activity away from linear gaps such as
tracks, regardless of the number of potential roosting sites and the abundance of insects,
while bat activity in open forests will be highest where roost availability and insect
abundance are high.
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Chapter 4
Spatial distribution of eared and earless macromoths in harvested
forests: possible role of anti-predation strategies
4.1

Introduction
Food availability is an important factor influencing the dynamics of populations

(Newton 1980). Microchiropteran bats must balance their need to obtain sufficient
energy from invertebrate prey with other needs, including access to suitable roost sites
(Crampton and Barclay 1998) and avoidance of predators (Rodriguez-Durán and Lewis
1985). Forests containing abundant insects and hollow-bearing trees would appear to
provide good quality breeding and foraging conditions for tree-roosting bats. Yet, in
structurally complex forest habitat or microhabitat, the activity of aerial-foraging bats is
often low relative to that in more open parts of the forest, even when insects are
numerous (Grindal and Brigham 1999, Tibbels and Kurta 2003, Chapter 2). This pattern
could lead to the inference that dense clutter impedes the foraging activity of aerialforaging bats, with a consequent reduction in the availability of their prey (Chapters 2
and 3). Such a conclusion is based on the assumption that a difference in prey
availability is simply a function of clutter levels and the overall number of potential
prey items. However, other sources of variability in insect assemblages, which could
influence the availability of prey to bats, may not be adequately represented by this
basic measure of abundance.

Using abundance as a measure of prey availability implies that a foraging bat is equally
likely to pursue and capture any of the flying insects present within its foraging range.
Yet, bats might have access to (Siemers and Swift 2006), or target (Agosta et al. 2003),
different components of an insect assemblage to different degrees. One mechanism that
could lead to non-random food acquisition by aerial-foraging bats is the capacity of
certain insect groups with hearing organs (‘ears’), sensitive to a range of ultrasonic
frequencies commonly used in bat echolocation, to avoid capture. The function of insect
ears has been most widely studied in moths (Lepidoptera) and a clear predator
avoidance role has been identified in many species (Jones and Rydell 2003 and
references cited therein). Flying eared moths that detect sounds resembling the
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echolocation of an approaching bat will commonly fly away from the sound, drop
towards the ground or perform some other evasive behaviour (Roeder 1962, Skals and
Surlykke 2000). These strategies can negatively influence the capture rate of eared
moths (Acharya and Fenton 1999); indeed, lepidopterans are relatively infrequent prey
for many bat species that catch airborne prey and use echolocation frequencies within
the range of best hearing (20-60 kHz) for moths (e.g. Rydell et al. 1995, Bogdanowicz
et al. 1999, Pavey et al. 2006). Some aerial-foraging bat species have apparently
evolved their own strategies to circumvent moth hearing, which include using very high
or low echolocation frequencies (Rydell and Arlettaz 1994, Pavey and Burwell 1998)
and using calls of low intensity (Fullard and Dawson 1997, Goerlitz et al. 2010).
However, eared moths make up a large proportion of moth assemblages in a number of
studies (Pavey and Burwell 1998, Schoeman and Jacobs 2003) and the majority of bats
in an assemblage have calls within the range of best hearing of most eared moths
(Fenton et al. 1998, Adams et al. 2010). Therefore, it could be argued that eared moths
are likely to have a selective advantage over earless moths where aerial-hawking bats
forage (Morrill and Fullard 1992).

Assuming that audition does provide a substantive protective function for moths, we
might expect to find eared moths frequenting habitats with regular bat activity more
consistently than earless moths (Morrill and Fullard 1992). Indeed, field studies have
shown that some earless moths appear to minimise predation by bats when in flight
(albeit passively) by staying close to vegetation or the ground (Lewis et al. 1993, Rydell
1998, Lloyd et al. 2006b). In these microhabitats, bats may be unable to pursue flying
moths without risking collisions with obstacles. However, attempts by aerial-foraging
bats to echolocate prey are likely to be complicated by acoustic clutter even if flight
close to the vegetation or ground is not precluded (Jensen et al. 2001). If such cryptic
flight behaviour is common in earless moths, the relative abundance of eared and earless
moths could be expected to differ among vertical forest strata, especially between the
foliage-rich strata (understorey and canopy) and the comparatively foliage-free bole
zone (subcanopy).
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Given that the presence of echolocating bats influences the immediate activity patterns
of eared moths, it is conceivable that the vertical distribution of eared moths may differ
in sites with different levels of bat activity. As such, even if eared moths are typically
active in strata where bats can forage, frequent bat activity could shift moth activity to
other strata with less perceived risk from aerial-hawking bats. I found that a bat
assemblage, comprising mainly aerial-foraging species using low, quasi-constant
frequency (QCF) or frequency-modulated, quasi-constant-frequency (FM-QCF), low
duty-cycle echolocation calls (defined in Schnitzler and Kalko 2001, Schnitzler et al.
2003) between 28 kHz and 54 kHz (Table 2.1), had consistently low levels of activity in
the understorey of both old and young regrowth forests (Chapter 2). However, those
bats with echolocation calls less than 48 kHz were more active in the subcanopy and
canopy of old regrowth than the same strata of younger regrowth (Chapter 2).
Therefore, eared moths may have spent more time evading bat activity in old regrowth
and, thus, been relatively more abundant in the understorey than in the upper strata,
compared with their distribution in young regrowth.

The decision a predator makes about whether to pursue a prey item it has detected could
vary depending on the availability of different prey types. For example, a preferred prey
type may be hunted exclusively when abundant, but not when scarce (Charnov 1976).
Conversely, opportunistically-hunted prey (e.g. Swift et al. 1985) could be pursued
whenever they are detected, so their abundance relative to that of all potential prey will
be important in determining their risk of predation. In these situations, predation
pressure could be minimised by prospective prey maintaining the lowest levels of
absolute or relative abundance, respectively, in places where predator activity is highest,
and vice versa.

In this study, I assessed the spatial distribution of moths, within and among forest sites.
My intention was to determine whether measures of moth abundance and diversity
varied in concert with the abundance of all flying insects and whether the spatial
distribution of moths was a reflection of possible anti-predation strategies against aerialforaging bats. I focussed on the larger moth representatives (‘macromoths’, single
wingspan ≥4.5 mm). Large insects tend to make up a larger component of the diets of
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bats using low-frequency, than high-frequency, echolocation calls (Aldridge and
Rautenbach 1987, Zhang et al. 2005) (similar to the bats that differed in their use of old
and young regrowth; Chapter 2). Additionally, bats with low-frequency calls may have
difficulty detecting the smallest insects (Barclay and Brigham 1991, Houston et al.
2004). The specific aims of this study were to assess; 1) whether abundance, relative
abundance, taxonomic richness, relative taxonomic richness, diversity and assemblages
of eared and earless macromoths (and abundance of their common taxa) followed the
same spatial distribution as all flying insects between (old and young regrowth) and
within (understorey, subcanopy and canopy) forest sites; 2) whether earless macromoths
were more consistently associated with the understorey and canopy strata of forests than
the subcanopy strata, in both absolute and relative (to eared moths) terms; 3) whether
eared macromoths were less prevalent in the upper strata of old, than young, regrowth
sites (the former having more activity by low-frequency aerial-foraging bats); and 4)
whether the absolute and relative abundance of macromoths varied spatially in such a
way as to minimise predation risk from bats. The implications of using insect
abundance as an index of prey availability are discussed.

4.2

Methods

4.2.1

Study site description
The study was carried out in temperate forests dominated or co-dominated by

spotted gum Corymbia maculata, within 14 km of Kioloa (35º32’S 150º22’E), between
the towns of Ulladulla and Batemans Bay on the south coast of New South Wales
(NSW), Australia (for site coordinates, see Appendix A). I used the ten sites that had
been used in a previous study, comparing the vertical stratification of bats and insects
sites in two logging history classes, ‘old regrowth’ (n = 4) and ‘young regrowth’ (n = 6)
and retained the same two logging categories (Chapter 2). Descriptions of the different
logging treatments are provided in Section 2.2.1.

4.2.2

Insect sampling
At each site, insects were collected at a sampling point inside the forest, 20-60 m

away from the nearest forest track. Three 8-watt black-light insect traps were deployed
in a vertical array at the sampling point. See Section 6.2.2 for details of light trap
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systems. Light traps attract positively phototactic insects and, therefore, do not sample
insect groups equally (Bowden 1982); however, large amounts of data can be obtained
relatively quickly in comparison to some other methods. One light trap was placed 0.3
m above the ground on a box above the height of the densest ground and shrub cover.
Another light trap was raised to the bottom of the canopy tree crowns, below a gap in
the canopy, while the remaining trap was hoisted to just above the understorey tree
crowns, approximately halfway between the upper and lower traps (Figure 2.1). The
traps were positioned at the bottom of their target strata because the light emanating
from them was mostly visible from above; views of the light from below were largely
blocked by the black box in which the light trap set-up was contained. I deployed the
three traps in the same horizontal location, rather than randomly allocating them to
different horizontal locations within the forest site. This was done to equalise the light
influence among strata, and maximise the likelihood that insects trapped in one stratum
had not been attracted from a different stratum.

Using the three light traps per site, insects were sampled for one night at each of the ten
sites, between 23 January and 18 April 2001, a period encompassing summer and
autumn months. Different sites were sampled on different nights because of logistical
constraints, but different logging histories were interspersed across the sampling period
to prevent confounding effects due to seasonal changes. Sampling was avoided on
nights during the one-week periods either side of a full moon and on nights with
inclement weather conditions (heavy or persistent rain, strong wind). Sampling began
30 minutes before sunset and ended 30 minutes after sunrise. The night was divided into
three sampling periods to analyse temporal variation for another study; in each period,
the light traps ran on a repeated one-hour ‘on’, one-hour ‘off’ cycle (see Chapter 2 for
further details). However, I pooled the three temporal samples for this study. I retained
only the winged insects captured in the light traps; flightless taxa (e.g. spiders,
springtails) or life stages (e.g. caterpillars, wingless ants) were disregarded.
Macromoths (single wingspan ≥4.5 mm), including the ‘Macrolepidoptera’ (moth
families containing mostly large species) as well as the larger representatives of other
moth families, were identified to family or superfamily level and categorised as either
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tympanate (‘eared’) or atympanate (‘earless’), depending on the presence or absence of
tympanal organs. This was done by Dr Dave Britton, an entomologist from the
Australian Museum, Sydney. For the purposes of this study, I assumed that eared moths
had functioning ears tuned to the echolocation range of most aerial-hawking bats in the
study area and that earless moths could not hear bats. However, these assumptions may
not be valid for all representatives of the eared and earless guilds. A subsample of the
smallest moths included in this study had a mean single wingspan of 5.6 mm (± 0.9 mm
SE, n = 20; personal communication, D. Britton). This approximately equates to the
mean body length of moths eaten by Vespadelus vulturnus in Tasmania (larger species
ate larger moths; O’Neill and Taylor 1989); this bat species was the smallest in size and
one of the two highest-frequency (characteristic frequency: 48-54 kHz) FM-QCF aerialforagers in my study area (Table 2.1). Therefore, in terms of size, at least some
macromoths should have been available to each of the possible QCF and FM-QCF bat
species I recorded. Abundance was calculated for macromoth taxa and eared/earless
states.

4.2.3

Statistical analysis
A preliminary set of analyses was conducted on just the ‘evening’ (first three

hours) component of the volant insect samples. This was done to gain an overall picture
of the patterns of insect assemblages, the size distribution and biomass of insects and
Lepidoptera (all moths), the abundance of insects, Lepidoptera and macromoths, and the
relative abundance of Lepidoptera and macromoths, for that time period (abundance and
relative abundance of macromoths were also examined for the full night in the main part
of the study). A number of variables were derived from the body-length size distribution
(mean, standard deviation, median, 75th percentile, skewness and kurtosis) and three
different equations were used to estimate biomass. Comparisons were made for logging
history, vertical stratum and their interaction. These analyses were conducted to place
the main macromoth study into context. An outline of the results is reported in the text;
however, the methods and detailed results can be found in Appendix J. The following
paragraphs in this section apply to the main all-night macromoth study only.
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Because night length (and thus sampling length) varied for each site, due to samples
being collected from mid-summer to mid-autumn, abundance values were adjusted
using the equation y = x / (no. of minutes in full-night sampling period /600), where x =
number of individuals. This converted abundance to its equivalent value in a 10-hour
sampling period, less than that of the shortest length of sampling. The site adjustments
ranged from 74 - 90% and were used in all further analyses.

Two diversity indices, taxonomic richness and Shannon-Wiener diversity, were
calculated from the abundance data for macromoths. Taxonomic richness was the
number of families or superfamilies present in a sample. The Shannon-Wiener diversity
index has values that increase with an increase in 1) taxonomic richness and 2) the
equitability of abundance among taxa (Magurran 2004). It was calculated in PRIMER 5
(Clarke and Gorley 2001), using the equation H

ˈ =Pi ln (Pi), where Pi is the
-∑

proportion of the ith taxon within a sample.

My sampling design comprised up to three factors: logging history (between-blocks, 2
levels, fixed), site (block) nested within logging history (4 levels in old regrowth, 5 or 6
levels in young regrowth, random) and stratum (within-blocks, 3 levels, fixed). I used
repeated measures ANOVA to account for possible spatial correlation of within-block
factors. I compared the abundance, taxonomic richness and Shannon-Wiener diversity
of eared and earless macromoths, for the main effects of logging history and stratum, as
well as the interaction between these factors. I also compared the relative abundance of
macromoths in insect samples (macromoths / insects), the relative abundance and
taxonomic richness of earless macromoths (earless/macromoths) and the abundance of
common macromoth taxa for the same factors. Common macromoth taxa were those
families or superfamilies that comprised at least 2% of the abundance of all macromoths
in the ten sites and were present in at least two of three old regrowth sites and four of
six young regrowth sites. Absolute abundance data for eared and earless macromoths,
and for common macromoth families, were log(x+1)-transformed to remove
heterogeneous variances. Greenhouse-Geiser (GG) adjustments were made to P-values
when the GG epsilon suggested a lack of sphericity in within-blocks factors or their
interactions (Quinn and Keough 2002).
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Using PRIMER 5 (Clarke and Gorley 2001), I conducted an analysis of similarity
(ANOSIM) on assemblages of all, eared and earless macromoths. Bray-Curtis similarity
matrices were produced using raw (untransformed) and presence-absence data. It is not
possible to analyse a mixed design ANOVA, including both between- and within-block
factors in PRIMER 5. Therefore, assemblages were compared between logging
treatments in separate analyses of understorey, subcanopy and canopy strata, using oneway ANOSIM. Additionally, assemblages were compared among strata and sites (no
replication) in separate analyses of old and young regrowth, using ANOSIM2. Nonmetric multidimensional scaling (MDS) plots were constructed, using 1000 restarts, to
visualise the multivariate distances between samples. SIMPER was used to determine
which taxa contributed the most to any significant differences between logging histories
or among strata.

One sample, from the canopy of a young regrowth site, was missing. Rather than
estimating the values of all of the different measures used in analysis, I left the missing
sample values blank. Due to differences in statistical programs, the presence of a
missing sample meant that other samples collected at the same site were excluded from
analysis of variance tests but included in multivariate analyses. Therefore, the number
of analysed sites in young regrowth was either five or six. I assumed that there was no
interaction between spatial treatment and different sizes, guilds or taxa of macromoths,
with regard to the efficiency of light traps. Alpha values of 0.05 were used in all
statistical analyses. Where data were log-transformed for analysis, I present backtransformed means and 95% confidence intervals, the latter of which will be
asymmetrical.

4.3

Results

4.3.1

Overview of insect, Lepidoptera and macromoth spatial patterns
A preliminary analysis of just the evening samples (first three hours) of volant

insects (Appendix J) revealed that assemblages of insects (insect orders as variables) did
not vary among strata in old or young regrowth. The mean of the size distribution was
significantly higher in the understorey than the subcanopy and canopy for all insects and
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all Lepidoptera, while the standard deviation, median and 75th percentile values were
significantly higher in the understorey for all insects, but not Lepidoptera. Lepidoptera
were, on average, approximately 2 mm longer than all insects (including Lepidoptera).
Biomass estimates were also higher in the understorey for all insects and Lepidoptera.
However, the shape of the size distributions, as measured with skewness and kurtosis,
did not vary significantly. Logging history had no effect on size distribution. Mean
abundances of all insects and Lepidoptera were higher in the understorey than the upper
strata, pooling logging histories. However, mean abundance of macromoths only
differed significantly between understorey and upper strata in old regrowth forest.
Lepidoptera made up a similar proportion (~20-30%) of evening insect samples,
regardless of logging history or stratum. However, macromoths made up a significantly
larger proportion of insects in the understorey (mean = 18%) than the subcanopy (mean
= 11%). The understorey proportion of macromoths was also marginally different from
the canopy, but the latter had highly variable values (mean = 11%; P = 0.06). The
relative abundance of macromoths in insect samples did not differ between logging
histories (mean = 16% and 11% for old and young regrowth, respectively). Further
details of these analyses are available in Appendix J. The following paragraphs present
the results of the main study, assessing macromoth variables for the entire sampling
period (evening, night and dawn samples pooled).

4.3.2

Macromoth totals, common taxa and stratum exclusivity
Total abundance for the study before (and after) adjustment for night length was

980 (810.3) for all macromoths, including 621 (507.5) eared macromoths, in seven
families, and 359 (302.8) earless macromoths, in one superfamily and eleven families.
Four eared and two earless macromoth taxa were categorised as common according to
the criteria (Section 4.2.3) applied to night length-adjusted data. The common eared
taxa comprised the families Pyralidae (28.0% of all macromoths), Arctiidae (13.7%),
Noctuidae (9.2%) and Geometridae (9.0%). The common earless taxa were the
superfamily Gelechioidea (23.9%) and the family Tortricidae (7.5%). One eared family
and six earless families were exclusive to a single stratum. Anthelidae, Hepialidae,
Limacodidae, Sphingidae, Zygaenidae, all earless families, were trapped exclusively in
the understorey, although Sphingidae was represented by just one individual in one old
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regrowth site. Oenosandridae (eared) and Plutellidae (earless) were also each
represented by a single specimen, both in the subcanopy stratum of young and old
regrowth, respectively. No taxa were exclusive to the canopy. In addition to the
singletons mentioned above, only one family was exclusive to a logging treatment;
Cossidae (earless) was trapped in all three strata of one young regrowth site. See
Appendix K for more a complete list of macromoth taxa.

4.3.3

Relative abundance of macromoths in insect samples
Macromoths made up approximately 12% of insect abundance on average, and

the means did not vary between logging histories (Table 4.1, Appendix L). However,
macromoths varied in their relative abundance depending on stratum. They made up a
significantly higher mean proportion (almost double) of insect abundance in the
understorey (15%) than the subcanopy (8%) but were intermediate at about 12 %
relative abundance in the canopy (Table 4.1, Appendix L).

4.3.4

Abundance of macromoths and common taxa
The mean abundance of all macromoths, pooled over logging histories, was 3-4

times greater in the understorey than in the subcanopy and canopy. With a grand mean
abundance of 12.5 per 10-hour sample, eared macromoths were 1.6 times more common
than earless macromoths, which had 8.0 individuals per sample. Both eared and earless
macromoths were significantly more abundant in the understorey than in upper strata
(Table 4.1, Appendix L). However, the relative abundance of eared and earless moths
was not consistent among strata. Earless macromoths made up almost half of all
macromoths in the canopy and more than a third of macromoths in the understorey
(Table 4.1). In these strata, their relative abundance was significantly higher than in the
subcanopy, where earless macromoths comprised little over a quarter of all macromoth
individuals (Table 4.1, Appendix L). There was no effect of logging history, or its
interaction with stratum, on eared or earless macromoth abundance or the relative
abundance of earless macromoths (Table 4.1, Appendix L); therefore, the inclusion of
the entire night’s sampling removed the logging history x stratum interaction seen for
all macromoths in just the evening samples (Section 4.3.1).
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Table 4.1. Estimated marginal means and 95% confidence intervals for relative
abundance of macromoths in insect samples, abundance of eared and earless
macromoths, relative abundance of earless (within all) macromoths and abundance of
common macromoth taxa, for old (OR) and young (YR) regrowth logging histories and
understorey, subcanopy and canopy strata. Sampling duration = 10 hours. Significantly
different means (P or GG P < 0.05) are in bold and distinguished by different letters,
with mean values decreasing progressively from a-b.
Treatment
Mean
95% CI
Relative abundance of macromoths (macromoths / insects)
OR
0.12
0.06-0.18
YR
0.11
0.06-0.17
Understorey
Subcanopy
Canopy
Abundance of macromoths
Eared
OR
YR

Earless

Relative abundance
- earless

0.15a
0.08b
a,b
0.12

0.11-0.19
0.05-0.11
0.06-0.19

15.8
9.9

6.7-35.6
4.4-20.8

a

Understorey
Subcanopy
Canopy

28.9
8.0b
8.2b

17.6-47.0
3.4-17.5
3.7-17.0

OR
YR

11.5
5.4

5.8-22.0
2.7-10.1

Understorey
Subcanopy
Canopy

17.3a
3.7b
b
7.4

10.9-26.9
1.5-7.7
4.2-12.7

OR
YR

0.43
0.34

0.26-0.59
0.19-0.48

Understorey
Subcanopy
Canopy

0.38a
b
0.28
0.48a

0.28-0.48
0.15-0.41
0.31-0.66
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Treatment
Mean
Abundance of common macromoth taxa – eared
Pyralidae
OR
8.7
YR
4.5

Arctiidae

Noctuidae

Geometridae

a

4.3-17.0
2.2-8.5

Understorey
Subcanopy
Canopy
OR
YR

11.7
4.1b
5.1b
2.8
1.9

8.4-16.4
1.7-8.5
2.1-10.9
0.8-7.0
0.5-4.7

Understorey
Subcanopy
Canopy
OR
YR

5.6a
1.7b
1.1b
1.8
1.5

2.2-12.8
0.5-3.7
0.3-2.4
0.4-4.8
0.3-3.8

Understorey
Subcanopy
Canopy
OR
YR

2.9
1.2
1.3
1.5
1.2

1.0-6.7
0.2-2.9
0.3-2.8
0.4-3.5
0.3-2.7

Understorey
4.7a
Subcanopy
0.6b
Canopy
0.5b
Abundance of common macromoth taxa – earless
Gelechioidea
OR
6.9
YR
3.7

Tortricidae

95% CI

2.2-9.3
0.1-1.3
0-1.4
3.5-12.9
1.8-6.9

Understorey
Subcanopy
Canopy
OR
YR

9.9a
b
2.8
4.5a,b
2.5
0.9

5.0-18.9
1.3-5.3
2.7-7.0
1.2-4.6
0.2-1.9

Understorey
Subcanopy
Canopy

2.2
0.6
2.3

1.1-3.8
0.1-1.5
0.9-4.8

Three of the common eared families, Pyralidae, Arctiidae and Geometridae, had
significantly higher abundance—at least double in mean value—in the understorey than
either of the two upper strata (Table 4.1, Appendix L). This pattern was especially
strong for Geometridae, which was often absent or represented by singletons in the
subcanopy and canopy. Conversely, Noctuidae abundance did not differ among strata.
The Gelechioidea superfamily of earless macromoths was significantly more common
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in the understorey than the subcanopy (Table 4.1, Appendix L). However, the canopy
had intermediate numbers of this taxon and was not significantly different from either of
the lower strata. Tortricidae abundance did not differ among strata but was marginally
higher (P = 0.06) in old than young regrowth (Table 4.1, Appendix L). Logging history
had no other influence on the abundance of common macromoth taxa, either as a main
effect or as an interaction with stratum (Table 4.1, Appendix L).

4.3.5

Taxonomic richness and diversity of macromoths
Eared macromoths had 1.2 times the taxonomic richness of earless macromoths

(grand mean = 3.9 and 3.2, respectively). Similarly, Shannon-Wiener diversity for eared
types was 1.3 times that of the earless category (grand mean = 0.98 and 0.76,
respectively). For eared and earless macromoths, taxonomic richness was significantly
higher in the understorey than upper strata, pooling logging treatments (Table 4.2,
Appendix L). Diversity for eared moths decreased gradually with increasing stratum
height and only differed significantly between the understorey and canopy (Table 4.2,
Appendix L). Conversely, earless moths had similar diversity in the understorey and
canopy, with significantly higher means in these strata than in the subcanopy (Table 4.2,
Appendix L). Richness and diversity indices did not differ with logging history for
either hearing guild, nor did logging history and stratum factors interact (Table 4.2,
Appendix L). However, the taxonomic richness of earless, relative to all, macromoths
was only consistent among strata in old regrowth forest, where it was 40-50% of all taxa
(Table 4.2, Appendix L). In young regrowth, earless macromoth families/superfamilies
made up close to one-half of macromoth taxa in the understorey and canopy, but less
than one-fifth of taxa in the subcanopy (Table 4.2, Appendix L).
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Table 4.2. Estimated marginal means and 95% confidence intervals (CIs) for taxonomic
richness (number of families or superfamilies) and Shannon-Wiener diversity of eared
and earless macromoths and relative taxonomic richness of earless macromoths, for old
(OR) and young (YR) regrowth logging histories and understorey, subcanopy and
canopy strata (includes breakdown of a significant interaction). Sampling duration = 10
hours. Significantly different means (P or GG P < 0.05) are in bold and distinguished by
different letters, with mean values decreasing progressively from a-b.
Treatment
Taxonomic richness of macromoths
Eared
OR
YR

Earless

Relative richness
- earless

Mean

95% CI

4.0
3.7

2.8-5.2
2.7-4.8

Understorey
Subcanopy
Canopy

5.4a
3.3b
b
2.8

4.7-6.2
1.9-4.7
1.9-3.8

OR
YR

3.6
2.7

2.5-4.7
1.7-3.7

Understorey
Subcanopy
Canopy

5.1a
b
1.8
2.6b

3.3-6.8
1.1-2.6
1.9-3.2

OR
YR

0.46*
0.39*

0.42-0.51
0.35-0.43

Understorey
0.47*
Subcanopy
0.32*
Canopy
0.49*
*Logging x stratum interaction
OR
Understorey
0.49
Subcanopy
0.47
Canopy
0.43
YR
Understorey
0.44a
Subcanopy
0.18b
Canopy
0.55a
Shannon-Wiener diversity index
Eared
OR
1.0
YR
0.9
Understorey
Subcanopy
Canopy
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a

1.3
0.9a,b
0.7b

0.37-0.56
0.20-0.45
0.42-0.57

0.24-0.74
0.23-0.71
0.30-0.56
0.34-0.54
0.00-0.39
0.42-0.69
0.6-1.4
0.6-1.3
1.1-1.5
0.4-1.3
0.4-1.1
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Earless

Treatment
OR
YR
Understorey
Subcanopy
Canopy

4.3.6

Mean
0.8
0.7

95% CI
0.5-1.1
0.4-1.0

1.0a
0.5b
a
0.8

0.6-1.4
0.3-0.7
0.6-1.0

Macromoth assemblages
Macromoth assemblages were largely similar in old and young regrowth sites

for all, eared and earless macromoth categories (Appendix K). The only significant
difference between assemblages in the different logging histories occurred in the
understorey stratum, for all macromoths, using untransformed data (Global R = 0.317, P
= 0.038; Figure 4.1, Appendix K). The average dissimilarity between the logging
treatments in this stratum was 52.40. Three taxa together contributed at least 50% to this
value; Gelechioidea, Pyralidae and Arctiidae had average dissimilarities of 11.9, 10.5
and 7.6, respectively, and were, on average, more abundant in old regrowth. However,
Pyralidae was likely to be the best discriminator of assemblages in the understorey of
old and young regrowth, with a high dissimilarity-to-standard deviation ratio (Diss/SD)
of 1.74, in contrast to 1.18 for Gelechioidea and 1.13 for Arctiidae (Clarke and Warwick
1994).

With one exception, assemblages of macromoths were similar across strata in separate
logging treatments, whether raw or presence-absence data were used (Appendix K).
Only untransformed eared macromoth assemblage data in old regrowth differed
significantly among strata (Global R = 0.750, P = 0.049; Appendix K). Inspection of the
MDS plot (Figure 4.1) suggests that eared assemblages in the understorey of old
regrowth differed from those in both upper strata. The average dissimilarity between the
understorey and subcanopy was 56.25, while that between the understorey and canopy
was 58.36. Conversely, the subcanopy and canopy had an average dissimilarity of only
38.98. The largest contributors to the dissimilarity between the understorey and each of
the two upper strata in old regrowth were Pyralidae and Geometridae, collectively
contributing more than 50% to the dissimilarity values. For both of the pairs of
dissimilar strata, the average dissimilarity of Pyralidae was in the range 21-23 (Diss/SD
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>1.6), while for Geometridae, the range was 13-15 (Diss/SD >2.0), making both
families good discriminators through their consistently higher abundance in the
understorey.

a)

Stress: 0.08

OR
YR

b)

Stress: 0.04

Understorey
Subcanopy
Canopy

Figure 4.1. Non-metric multidimensional scaling plots for assemblages of macromoths,
constructed using untransformed data and Bray-Curtis similarities. Plots show distances
between assemblages sampled in different: a) logging histories, in the understorey, for
all macromoths, and b) strata, in old regrowth forest, for eared macromoths. Sampling
duration = 10 hours.
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4.4

Discussion

4.4.1

Distribution of earless macromoths in relation to structural clutter
The inability of earless macromoths to detect bat echolocation may result in the

selection of ground- or vegetation-hugging behaviour and the avoidance of more open
microhabitats. In the latter, opportunities for acoustic crypsis and physical protection
from aerial predators are likely to be in short supply. In my study, there was evidence
that earless macromoths and their most abundant taxon, Gelechioidea, used the open
bole zone (subcanopy stratum) minimally, compared with the two more structurally
complex strata. However, earless macromoths were not very abundant in the canopy, in
comparison to the understorey, so there was not as large a distinction in flight activity
between the two upper strata as there was between the two lower strata. Despite this,
earless macromoth abundance in the canopy matched that of eared macromoths, a
departure from the pattern in the two lower strata where the eared guild predominated.
Also, earless taxa made up a smaller proportion of all macromoth taxa in the subcanopy,
compared to other strata, at least in young regrowth forest. These findings suggest that
the canopy may have been more important for earless macromoths than their low
numbers indicated.

The relatively few studies investigating possible bat evasion strategies in earless moths
reported results which are in broad agreement with mine. For example, Lewis et al.
(1993) found that earless moths were more likely to fly close to the ground than eared
moths, regardless of whether sampling took place in a forest site, with consistently
dense undergrowth at 1, 3 and 6 m in height, or an open/edge field site. In an uncut
hayfield, Rydell (1998) found that lekking earless ghost swifts (Hepialidae) spent most
of their display flight time above the grass blades but between the taller reproductive
stems; they were rarely attacked by Eptesicus nilssonii bats unless they flew above the
grass panicles. In my study, the attractive influence of the light traps did not enable an
assessment of the usual flight distances of macromoths from obstacles. Nevertheless,
the abundance of earless macromoth individuals and families in light traps less than one
metre above the ground may indicate a tendency for flight close to the ground or
vegetation, in the comparatively densely stemmed understorey (Chapter 2). Given that
levels of aerial-hawking bat activity in the understorey of my forest sites were always
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low (Chapters 2 and 3), earless macromoths flying in this stratum were likely to achieve
a reasonably high degree of protection from nocturnal predators. In contrast to the above
studies, Lloyd et al. (2006b) found that western spruce budworm moths (Tortricidae)
flew more commonly near the tops of trees than at lower heights. However, most flight
activity was undertaken immediately adjacent to a tree, with significantly less activity at
distances of 1 m and more from the tree (Lloyd et al. 2006b). If earless moths are more
inclined than eared moths to remain in close proximity to physical clutter, this could
partially explain why, in my study, they made up a greater proportion of macromoths in
the canopy than the lower strata. Each of my canopy light traps was set in a canopy gap
at the bottom of the tree crown and it is likely that most trapped insects would have
been flying within the crown or close to its edges. Conversely, some eared macromoths
may have flown at a greater distance from the bottom of the tree crowns (for instance)
and, therefore, may not have been attracted to the canopy light traps.

4.4.2

Distribution of eared macromoths in relation to bat activity
For eared macromoths, there was little evidence that their spatial distribution

was influenced by different levels of bat activity in the upper strata of old and young
regrowth forests. Abundance, taxonomic richness and univariate diversity measures
followed the same patterns among strata, regardless of logging history. My hypothesis
that eared moths would be less abundant in the upper strata of old, than young, regrowth
was based on the idea that relatively frequent sequences of bat echolocation
(particularly from low-frequency bats) could elicit a greater number of direct evasive
responses and, perhaps, more cautious flight behaviour in general, for eared
macromoths. Previous research supports this hypothesis. For example, exposure to batlike ultrasound has been found to disrupt the mate-searching flights of Lymantria dispar
L. (Lymantriidae; Baker and Cardé 1978) and the foraging flights of Autographa
gamma (Noctuidae; Skals et al. 2003). Also, when testing the ‘flight’ times of a number
of species of eared moths to bat-like ultrasound, Ratcliffe et al. (2008) found that half of
the species spent significantly less time moving around and fluttering their wings when
exposed to ultrasound. The other half of the species tested were members of the eared
Arctiidae family possessing a different, but successful, anti-bat defence, namely the
production of ultrasonic clicks (probably functioning as an aposematic warning of foul
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taste; Hristov and Conner 2005). The latter species flew for longer than those moths
lacking sound production defence, regardless of whether or not they were exposed to
ultrasound, presumably because sound production removed the need to perform evasive
manoeuvres to some extent (Ratcliffe et al. 2008). None of the common eared families
in my study appeared to respond to changes in the levels of bat activity by lowfrequency bats, whether they were Arctiidae, with possible sound production defence, or
one of the families not known to possess this trait. Perhaps the persistence of highfrequency aerial-hawking bat activity (ESH bats: main frequency 48-54 kHz; Chapter 2)
in the upper strata of both old and young regrowth was sufficient to prevent substantive
differences in the spatial distribution of the most common eared macromoth families.
Alternatively, bat activity as a whole may not have been sustained enough in either
logging treatment to elicit noticeable changes in flight height. Ultraviolet lights, similar
to those used in light traps, may interfere with the evasive responses of some moths to
ultrasound (Agee and Webb 1969); however, my light traps were not operated
continuously throughout the night (Section 4.2.2).

Contrary to the above results, assemblages of eared macromoths did differ significantly
between the understorey and upper strata in old regrowth, but not young regrowth,
mostly because of consistently higher abundance for Pyralidae and Geometridae in the
understorey of old regrowth. Therefore, more echolocation sequences by low-frequency
bats in the upper strata of old regrowth may have affected a downward shift in the
vertical distribution of eared macromoth families collectively. Furthermore, there was
an interaction between logging history and stratum factors for the relative taxonomic
richness of macromoths, whereby there were proportionally more eared moth families in
the subcanopy than other strata, but only in young regrowth. This also could reflect
responses by eared moths to different levels of bat activity in the subcanopy for the two
logging treatments. Other factors may have contributed variability to the spatial patterns
of flying eared macromoths that I observed in this study, possibly concealing any
proximate effects of bat activity. For example, the length of time that eared moths fly at
night varies interspecifically, with those flying for longer periods having greater
auditory sensitivity (ter Hofstede et al. 2008). Such variability could influence the
likelihood of different species encountering aerial-hawking bats and having to take
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evasive action. Further study would help to elucidate whether distributional patterns at
family level are representative of the behaviour of most eared macromoth species.

4.4.3

Partitioning of macromoth abundance and relative abundance among strata
Not only earless macromoths were likely to gain protection by flying close to

structural clutter at my forest sites; eared macromoths followed similar, ‘bottom-heavy’,
vertical distributions as their non-hearing counterparts. Indeed, both eared and earless
guilds were more abundant, more taxonomically rich and more diverse in the
understorey of old and young regrowth forests than in the upper strata. Comparable
results have been found in other studies conducted in temperate forests. Preisser at al.
(1998) found that light- and Malaise-trapped insects (>5 mm body length), Lepidoptera
and the four most common lepidopteran families were more abundant at ground, than
canopy (20 m), level in a mixed hardwood temperate forest. Similarly, Hirao et al.
(2009) found greater abundance, family richness and species richness of light-trapped
Lepidoptera in the understorey than the canopy of a cool-temperate forest. These studies
described the understorey of their sites as containing various tree species or saplings of
canopy trees; thus stem clutter at least (including understorey stems and canopy tree
boles) would have been greater in the understorey. Preisser et al. (1998) also described
the understorey foliage of their study forest as thick. However, neither quantitative
descriptors of vegetation structure nor the stratification of aerial-hawking bat activity is
known for the sites used in those two studies.

In my study, the skewed distribution of eared and earless macromoths in favour of the
understorey is not unexpected if predator avoidance is achieved most effectively by
flying there. It is an indication, however, that eared moths may not always undertake
flight activity in places with an increased likelihood of bat encounters. Given that the
mean, median and 75th percentile body length values for the Lepidoptera were about 2
mm greater than for all insects (including Lepidoptera; evening samples), macromoths
(the larger representatives of Lepidoptera) should have been more detectable than
smaller insects overall (Houston et al. 2004), other influences on detection being equal.
Furthermore, macromoths were potentially among the most energetically profitable
flying prey at my study sites, subject to handling times (e.g. Goss-Custard 1977).

96

Chapter 4. Distribution of macromoths

Consequently, macromoths may be a preferred prey type for at least some species of
aerial-hawking bat in my study area (for a discussion of active prey selection in bats
with low duty-cycle echolocation, see Jones and Rydell 2003). Optimal foraging theory
predicts that the degree to which a preferred prey type will be incorporated into the diet
will depend on its absolute abundance; the most preferred prey type will be hunted
exclusively when in abundance, but as it becomes scarcer, less preferred prey types will
be progressively added to the diet (Charnov 1976). Using this model, prey selection has
been indicated in some bat species (Jones 1990, Agosta et al. 2003). Given such a
scenario and assuming that macromoths are likely to be preferred prey, the partitioning
of abundance among strata could mean that macromoths as a group faced low predation
pressure overall by combining high abundance in the understorey, where bat activity
was low, with low abundance in upper strata, where bat activity was high. That is,
aerial-hawking bats gaining access to the understorey were more likely than bats in the
upper strata to target macromoths than less preferred prey. Conversely, in the subcanopy
and canopy, bats were more likely to take a range of prey types, thus moderating the
impact for macromoths of flight in the predator-rich upper strata. These hypotheses
require testing. However, they give an indication that the pressure of predation by bats
may involve more than a straightforward interaction between structural clutter and the
abundance of all potential prey, particularly when bats display prey preference.

The vulnerability of individual insects to bat predation is likely to be partially governed
by the availability of other insects, whether they are from the same species or not.
Predator-swamping (via synchronous emergence or swarming activity) could be an
effective means of minimising predation risk for the individual (Sweeney and Vannote
1982). Although bats may increase their rate of feeding as prey abundance increases,
and may become more selective in dense aggregations of insects (Fenton and Morris
1976), a prey density threshold will be reached, beyond which the rate of feeding will
increase no further (e.g. Racey and Swift 1985). Therefore, individuals in large swarms,
particularly monospecific swarms, should have a greater chance of survival.
Alternatively, within the pool of all potential prey, predation risk for a species or guild
could be minimised by flying in low numbers compared to the abundance of all other
prey, especially in the absence of large swarms (contrast this discussion on relative
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abundance with that on absolute abundance in the last paragraph). In my study, I did not
measure the spatial distribution of individual species to assess the possible role of
predator-swamping by swarming or outbreak species, although an informal inspection
of the captured moths found little evidence for this (personal observation). However, in
the subcanopy, the ratio of the abundance of all macromoths to all flying insects was
almost half that observed in the understorey, with intermediate values in the canopy. A
similar pattern was apparent for the relative abundance of macromoths in the first three
hours of sampling, although the relative abundance of all Lepidoptera in that period did
not differ among strata (Appendix J). This means that, although both macromoths and
insects (a category including macromoths) had greatly reduced abundance in the
subcanopy compared with the understorey (Appendix J, Chapter 2), the reduction in
macromoth abundance was steeper. This pattern of relative abundance could benefit
those macromoths predated opportunistically (e.g. Swift et al. 1985)—that is, in
proportion to the abundance of all potential prey—as it should reduce the rate of
macromoth-bat encounters in the strata where bats are most active. Collectively, the low
values of absolute (previous paragraph) and relative (this paragraph) macromoth
abundance observed in the subcanopy and canopy may confer protection against bat
predation, whether hunting occurs selectively or more opportunistically.

4.4.4

Other factors influencing the vertical stratification of moths
There are many factors that could determine the vertical distribution of moths in

forests. For example, differences in microclimate can vary among and within forest
strata. Diurnal fluctuations in many environmental variables are more evident at upper
levels in a forest and more stable at lower levels (Parker 1995), possibly making
conditions more favourable for a wider range of arthropods in the understorey. In
temperate deciduous forests, the seasonal shedding of canopy foliage is likely to
increase climatic extremes there and it also removes a large food and shelter resource
from herbivorous and other arthropods. The latter was suggested as a possible
explanation for the greater abundance of insects and Lepidoptera in the understorey of
temperate forest sites found by Preisser et al. (1998), a pattern which differed from that
observed in a number of tropical forest sites—that is, greater abundance and/or diversity
of arthropods and Lepidoptera in the canopy or a relatively even distribution among
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strata—(Kato et al. 1995, Intachat and Holloway 2000; but see Brehm 2007 for
variations). However, this phenomenon cannot be involved in shaping the bottom-heavy
distribution of flying insects in temperate evergreen forests, found in my study. Despite
this, the availability of resources, such as foliage, is likely to be a primary determinant
of moth distribution. Certainly, most moth larvae feed on materials of plant origin,
including leaves, stems, flowers, bark, fruits, seeds, roots and bark (Common 1990) and
some species are important defoliators of eucalypts (Ohmart and Edwards 1991),
including Corymbia maculata (Pook et al. 1998). The importance of different resources
will likely vary depending on which stage of the life cycle is examined. For example,
the amount (Dial et al. 2006) or type (Woinarski and Cullen 1984) of foliage may be
important to the distribution of defoliating larvae, while the presence or absence of
flowers may have more influence on adult moths (Woinarski and Cullen 1984).

Indeed, competing requirements within the adult life stage will mean that the location of
individual moths is unlikely to remain static, particularly for flying forms. Activities
that could interact to influence the vertical positions of flying lepidopterans include
mate-searching, locating suitable sites for oviposition (although the females of some
forest species are flightless; Barbosa et al. 1989), feeding (although not all adult moths
feed; Wheeler 1996) and dispersing/migrating. The first two activities may sometimes
be closely linked and lead to a convergence of flight activity by males and females
around the height of the host-plant of their larvae (Beccaloni 1997). Yet, the process of
mate-searching can span more than one stratum (Elkinton and Cardé 1983) and females
may fly long distances before ovipositing on a suitable host plant (Steinbauer et al.
2001). Whether moths need to feed during the adult life-stage could also lead to
differences in the vertical distribution of moths. Schulze et al. (2001) demonstrated that
tiger moths of the Arctiinae subfamily (Arctiidae) classed as nectar-feeders were much
more abundant in the canopy, where most flowering took place, than in the understorey;
non-feeding forms showed the opposite pattern. However, plants chosen by moths for
nectar will not necessarily correlate with those used for oviposition (Alarcón et al.
2010), possibly necessitating movement among different strata. Finally, the flight height
of moths during dispersal or migration can add more variability to the spatial
distribution of forest moths. For example, Thomas (1996) found that some species
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collected above the canopy of a balsam fir forest, but not within the canopy, had larvae
that specialised on ground vegetation, and suggested that these and other species were
probably utilising the above-canopy space for migration. Continued research is
necessary to dissect the interrelationships among patterns of moth distribution, resource
distribution, moth-activity type and predation risk from bats (e.g. Rydell 1998).

4.4.5

Other considerations and caveats
This study focussed on macromoth hearing guilds and families. Assessment of

lower taxonomic levels, such as subfamilies, genera, species or morphospecies, may
have yielded different patterns of spatial distribution from those obtained with the
broader categories (e.g. Intachat and Holloway 2000). Thus, passive or active methods
of predator avoidance may have differed, as discussed earlier. However, by necessity,
my study spanned three months, each site was sampled once and no two sites were
sampled simultaneously; additionally, site locations were well spaced and I observed
considerable variability in understorey composition, even within logging treatments. As
such, a much larger data set would have been appropriate to adequately account for the
greater seasonal and spatial (between- and within-sites) variability likely when
assessments are made at finer levels of taxonomic resolution (e.g. McQuillan et al.
1998, Kitching et al. 2000, Summerville and Crist 2002). Also, collecting replicate site
samples within a more constrained time period may have increased the likelihood of
finding differences in family abundances between logging histories, as has been
demonstrated in other studies (e.g. Burford et al. 1999). However, this does not
diminish the validity of my comparison of broad macromoth groups among vertical
levels, nor the interaction between stratum and logging history factors. In reference to
finer taxonomic resolution, the ability of free-flying bats with low duty-cycle
echolocation to distinguish similarly sized aerial insects belonging to different orders
has not been established experimentally (e.g. Barclay and Brigham 1994), although
discrimination by size appears likely (Barclay and Brigham 1994, Houston and Jones
2004). Low duty-cycle echolocation may enable bats to separate, and perhaps select,
different insect orders (e.g. as indicated by Agosta et al. 2003). However, efficient
separation of similarly-sized taxa within orders such as Lepidoptera seems less
probable, especially given the stereotypical shape of many moths.
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Macromoths may use methods other than those examined in this study to avoid
predation by bats. Of the moths that can fly, earless moths may be less inclined to take
flight than eared moths (Morrill and Fullard 1992). Moths of particularly large size may
evade capture because they are too big for most bats to handle efficiently; for earless
moths, this may free them from the need to fly in close proximity to clutter (e.g. earless
sphingids; Lewis et al. 1993). Erratic flight paths by moths have been suggested as a
possible mechanism of bat evasion. Lewis et al. (1993) used the frequency of ground
touching and changes in flight height to measure flight erraticism, while Lloyd et al.
(2006b) used ‘back and forth’ movements to describe it. The latter is similar to the zigzagging flight typical of moths locating and following odour plumes, such as
pheromones (Cardé and Willis 2008). Whether a repetitive flight movement such as zigzagging would be unpredictable enough to prevent successful attacks by bats is yet to be
tested. Finally, some moths separate their flight activity from that of bats temporally, by
being most active at times of the night (Andersson et al. 1998) or year (Rydell et al.
1997) when bats are relatively inactive.

As well as being potential prey for open- and edge-space bats using QCF and FM-QCF
calls, macromoths could also have been hunted by bats with adaptations for narrowspace foraging (clutter foraging). Thus, vertical patterns of predation pressure may have
differed. Rhinolophus megaphyllus, a narrow-space clutter detector (Schnitzler et al.
2003), hunts aerially and appears to specialise on moths, predominantly earless ones
(Pavey and Burwell 1998). It was most commonly recorded in the understorey stratum
but was not very active overall at my sites (Chapter 2). The Nyctophilus spp. complex
was very rarely recorded (Chapter 2). N. gouldi and N. geoffroyi have low-intensity
calls (Glass 1993), my acoustic monitoring system used old technology (tapes) and
recorded calls were generally of low quality, confounding identification. Given the high
rates of capture of N. gouldi in harp traps on later sampling nights during the same study
period, this species was probably underrepresented in echolocation samples. N. gouldi
and N. geoffroyi are classified as narrow-space gleaners (Schnitzler et al. 2003), but they
hunt both by gleaning and whilst airborne (Grant 1991) and may preferentially use the
latter method (Brigham et al. 1997a). Moths are important components of the diets of
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these two species (Vestjens and Hall 1977, O’Neill and Taylor 1989, Churchill 1998)
and forest flight usually occurs in the understorey and subcanopy strata (O’Neill and
Taylor 1986, Brigham et al. 1997a). Because of their low-intensity calls, the
Nyctophilus species are unlikely to produce direct evasive responses from eared moths
to the same extent as open-and edge-space bats with high-intensity calls in the 20-60
kHz range (e.g. Fullard and Dawson 1997). However, if they are more inclined to be
active in the understorey than the latter bats, Nyctophilus species could exert predation
pressure on volant moths in this stratum (whether by gleaning or aerial hawking), thus
possibly modifying their spatial distribution. Tadarida australis and Saccolaimus
flaviventris are considered to be open-space foragers, having low duty-cycle QCF
echolocation with characteristic frequencies close to or less than 20 kHz (Schnitzler et
al. 2003, Pennay et al. 2004) and high-intensity calls (Glass 1993). They are large bats
and, as they are generally known to forage above forest canopies (Churchill 1998,
Bullen and McKenzie 2001), the majority of calls I recorded from these species were
most likely from bats flying above the canopy trees (Chapter 2).

Could bat predation have directly influenced the results of this study differentially? My
discussion in the above paragraphs effectively assumes that the abundance values I
observed were the result of an ongoing dynamic process between insect flight activity
and bat predation over the course of the night. If bats naturally remove insects at
different rates in different strata or logging treatments (e.g. fewer removed in the
understorey than the upper strata), the overall interpretation of the results is still valid.
However, bat feeding rates can be artificially increased in the vicinity of black-light
insect traps (Chapter 6). Whether artificial increases in bat feeding rates (and thus insect
removal rates) at lights occur proportionately in different forest treatments is unknown.
If not, differences in the spatial patterns of macromoths in my study may be partly an
artifact of the sampling methods used. Therefore, my interpretation of the results is
made cautiously. Further study is needed to resolve this issue.

4.4.6

Implications and recommendations for the assessment of prey availability
The abundance or biomass of flying insects is often used as an index of the

availability of aerial prey to insectivorous bats (Fenton et al. 1977, Ekman and de Jong
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1996, Fukui et al. 2006, Chapters 2 and 3). My study shows that the spatial distribution
of flying insects in forests is not necessarily mirrored by its component guilds or taxa.
Although they did not differ between logging treatments, insect and macromoth
abundances in the understorey of old and young regrowth forest were significantly
higher than those in the two upper strata, as were biomass estimates for insects and
Lepidoptera (Chapter 2, this chapter). Yet, this pattern did not hold for all of the
common macromoth families, and macromoths as a group constituted a different
proportion of flying insects in each stratum, despite the same vertical pattern of absolute
abundance. In addition, the ratio of eared and earless macromoth abundance varied
substantially in different strata, being closest to unity in the canopy and furthest from it
in the subcanopy. Relative taxonomic richness also differed among strata, at least in
young regrowth. Furthermore, eared macromoth assemblages differed among strata in
old but not young regrowth, reflecting differences in understorey abundance for two
families in particular. Finally, the average length of moths varied significantly with
stratum.

The disparity in the spatial patterns observed in this study may have been caused by a
variety of factors (Basset et al. 2003), including selection for moth behaviour that
minimises predation risk. Regardless of the causes, such disparity has important
implications for the design and interpretation of bat research studies because, amongst
other considerations, i) the ease with which bats detect, and/or capture, potential prey
items probably varies according to prey characteristics such as size, the presence of
tympanic organs and the use of cryptic flight behaviour; ii) bats may forage
preferentially on certain types or sizes of prey and their foraging strategies may depend
in part on the abundance of preferred prey; iii) as well as being influenced by the
distribution and characteristics of prey, bat activity is also likely to be shaped by
morphological constraints, such as the ability to fly, orientate and hunt efficiently in
different levels of physical clutter. Therefore, although my research suggested that bats
responded positively to insect abundance in the less cluttered parts of regrowth forests
(Chapter 2), the use of this measure to represent prey availability clearly has limitations
beyond those found when sampling with one type of insect trap or another (see Kunz
1988 for a discussion of the latter). More research on this topic is warranted.
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For a robust assessment of prey availability to be possible, insect sampling in bat-insect
activity studies should correspond to the horizontal and vertical configuration of bat
sampling. The majority of bat species in open temperate forests are unlikely to conform
to strict stratification (i.e. stratum exclusivity) and levels of bat activity from aerial
hawkers in densely vegetated strata are expected to be low relative to those in other
strata (Menzel et al. 2005, Chapter 2). Therefore, insect trapping undertaken only at
ground level in a dense understorey (for example) may sample insects not physically
accessible by most bats (Kunz 1988) and may not adequately sample those that are (in
more open strata). This will likely apply to the use of both non-attractant and attractant
traps. For example, light traps attract positively phototactic insects from a distance, but
a trap placed on or near the ground in a forest or woodland habitat will probably sample
insects close to the trap more efficiently than those in the canopy of trees (e.g. Lomov et
al. 2006). If attractant traps are used, they should be separated sufficiently in space from
any bat sampling apparatus to prevent an artificial increase in bat activity (Chapter 6),
but not so far as to result in different habitats or locations being sampled for bats and
insects. An understanding of the spatial variability of insects and bats over different
spatial scales would be beneficial in this regard (e.g. Ashby 2008, Ober and Hayes
2008). Also, if closely spaced microhabitat treatments (e.g. vertical strata) are sampled
using attractant traps, such as light traps, measures should be taken to minimise overlap
in samples (e.g. strategic shielding of lights or an array of closely spaced traps spanning
all treatments; Chapter 2). Bats and insects should be sampled simultaneously to avoid
temporal mismatching of predator and prey activity (e.g. Hayes 1997). The
interpretation of the results of bat-insect activity studies should acknowledge the
limitations of the sampling design and methods.

With knowledge of the spatial and temporal activity patterns of different bat species
(e.g. Kunz 1973, Swift and Racey 1983, O’Neill and Taylor 1986), appropriate
sampling of insects can also be undertaken to estimate prey availability for bat dietary
research (Kunz 1988). For any studies in which broad estimates of prey availability are
required, the use of different trapping methods may be desirable to sample as wide a
range of potential prey types as possible (Kunz 1988). A thorough understanding of
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prey availability and, thus, prey preference for aerial-hawking bats will only be possible
when the foraging capabilities of individual species are properly assessed, with attention
to factors such as bat life stage (Adams 1997), acoustic and mechanical clutter
constraints (Jones et al. 1993), detectable prey size range (Houston et al. 2004), the
ability to track the flight paths of prey (Ghose et al. 2009) and jaw morphology
(Freeman 1979).
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Chapter 5
Flight patterns of the little forest bat Vespadelus vulturnus in harvested
forests of differing structure
5.1

Introduction
Forests with a high level of structural clutter support less activity by aerial-

foraging insectivorous bats than forests containing less clutter (Law and Chidel 2001,
Erickson and West 2003, Loeb and O’Keefe 2006, Brooks 2009, Chapter 2). Species, or
individuals within species, that are expected to be the most negatively affected by high
clutter levels include those with a relatively large body mass, which display faster, less
manoeuvrable, flight due to high wing loading (Aldridge 1987, Kalcounis and Brigham
1995). They also include species with echolocation call structure suited to foraging in
open spaces or along vegetation edges (Simmons et al. 1979, Schnitzler and Kalko
1998), i.e. low duty-cycle bats (short call duration, relative to call interval) with quasiconstant frequency (QCF) or frequency-modulated, quasi-constant-frequency (FMQCF, for example) calls (as defined in Schnitzler and Kalko 2001, Schnitzler et al.
2003). Vespertilionids and molossids with typically broadband FM-QCF calls tend to
forage mostly in edge habitats, in the vicinity of structural clutter, while those with
typically narrowband QCF calls forage mostly in open space (Schnitzler and Kalko
2001, Siemers et al. 2001). Echolocation call structure and flight morphology
(favouring flight in open, edge or cluttered habitats) are often correlated (Aldridge and
Rautenbach 1987, Norberg and Rayner 1987, Fullard et al. 1991).

Unlike bats with broadband FM or constant frequency, frequency-modulated (CF-FM)
calls, low duty-cycle QCF and FM-QCF calling bats are not considered to be
specialised for orientation or foraging within clutter. However, those that use typically
high-frequency, short-duration, short-interval, echolocation calls can be more tolerant of
clutter than those with low-frequency, long-duration, long-interval, calls (e.g. Jung et al.
2007, the ESH guild in Chapters 2 and 3). High-frequency calls are subject to greater
attenuation in air (Griffin 1971, Lawrence and Simmons 1982). Furthermore, short calls
with short intervals are thought to facilitate the efficient detection of prey in close
proximity to the bat or background obstacles, by preventing the overlap of insect echoes
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with both bat-emitted signals and echoes from the obstacles (Jones 1999, Schnitzler and
Kalko 2001). Logically, low duty-cycle bats that characteristically use a combination of
the clutter-associated call features described above (i.e. broadband FM-QCF structure,
high frequency, short duration and high repetition rate) are likely to forage efficiently in
close proximity to background clutter. Therefore, a reduction in space (more structural
clutter) in the surrounding forest should have a modest impact on the foraging activities
of these bats, relative to bats with longer, less frequent, lower frequency, more
narrowband calls of similar structure. For the remainder of this chapter, I will refer to
bats with typically edge-space-foraging echolocation call structure (broadband FMQCF) of relatively high frequency, short duration and high repetition rate as ‘close
edge-space’ bats.

While small, close edge-space bat species should be relatively tolerant of increases in
structural clutter, there are likely to be levels of clutter, above which these bats will
show little, or inconsistent, activity (Chapters 2 and 3) or make few feeding attempts
(Brigham et al. 1997b). These limits may be apparent in densely vegetated forests, or in
forests with very different densities of vegetation in different vertical strata. For
example, young, dense, even-aged forests are common in the decades following heavy
or clear-fell logging of native forests (Florence 1996, Wilson and Puettmann 2007) and
are often characterised by relatively low levels of bat activity, including from close
edge-space species (Law and Chidel 2001, Glass 2003). High stem density or high
levels of vegetative cover are also found in young forest plantings and plantations, and
total bat activity levels or those of small edge-space bats are commonly low in these
habitats (Tibbels and Kurta 2003, Menzel et al. 2005, Law and Chidel 2006).
Furthermore, forests subject to different fire management practices can vary
substantially in vegetation structure (Boyles and Aubrey 2006, Loeb and Waldrop
2008), with the potential to differentially influence the flight and foraging activity of
bats (Fisher and Wilkinson 2005). Regardless of forest management history or the stem
density of upper strata, understorey vegetation can often be highly cluttered, supporting
little activity by bats with a range of clutter tolerances (Law and Chidel 2002, Loeb and
Waldrop 2008, Chapter 2).
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Although studies of habitat-use provide numerous examples of low bat activity in highclutter forest zones, the degree to which flight or foraging activity is actually prevented
or disrupted, due to structural or acoustical clutter constraints, is not always clear. Many
bat species display flexible habitat-use when foraging, whereby they exploit a range of
habitat types, including those more open in structure than the ones to which they are
morphologically adapted (Fenton 1990). For example, Kalcounis and Brigham (1995)
found that individuals of Myotis lucifugus, a species able to use different foraging
methods (aerial-hawking over land and water, gleaning; Saunders and Barclay 1992,
Ratcliffe and Dawson 2003), flew at a range of different habitat clutter levels but spent
most of their time in more cluttered habitats where insect abundance was higher. Adams
(1997) found that adults of the same species foraged in more cluttered habitats when
population density was high than when it was low. When given a choice of clutter
densities through which to access an artificially-induced swarm of insects, Sleep and
Brigham (2003) found that M. lucifugus used the lower densities and avoided densities
that it was able to negotiate successfully in the laboratory (Aldridge 1986). Therefore, if
a bat fails to be active in a high clutter situation, this could represent contextual
preference, rather than prohibition caused by an inability to fly or forage effectively. To
conserve bat assemblages within managed forests, it is important to determine whether
densely vegetated patches of forest constitute adequate foraging habitat and what range
of structural clutter levels are necessary to support effective foraging activity by species
with different clutter tolerances (Chapters 2 and 3).

Laboratory and field experiments can be used to test the potential flight and foraging
capabilities of bats in relation to structural clutter. In these studies, researchers can
manipulate the number, size and distribution of obstacles for a bat to negotiate in flight,
often with a food reward for motivation (Stockwell 2001, Sleep and Brigham 2003).
Detailed information on flight paths or echolocation behaviour can often be recorded,
and an assessment of the optimal aerial performance of a species can be made, given a
particular set of mechanical and perceptual tasks. The more background variables are
controlled for, the more likely it is that clutter effects can be isolated. However, in many
studies, bat activity is measured within the relatively small confines of a flight room,
cage or tunnel (Aldridge 1987, Jones et al. 1993, Bullen and McKenzie 2001, Stockwell
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2001). Even unconfined field experiments tend to sample activity within small habitat
volumes (e.g. the detection zone of one bat detector, or individual artificial clutter cones
within a forest; Brigham et al. 1997b, Sleep and Brigham 2003). While these types of
experimental studies make valuable contributions to our knowledge about bat-clutter
associations, they do not allow for adequate testing of sustained flight activity within
clutter on a larger, more natural, scale (without confining walls, etc.). This is a problem
for assessments of the effects of forest clutter on bat flight and foraging, given that
many edge-space bats, including small ones, tend to forage using continuous flight,
while ranging over comparatively large areas (Law and Anderson 2000, Nicholls and
Racey 2006). Small-scale experimental studies, particularly in enclosed arenas, are also
likely to be unsuitable for determining the effect of physical clutter or available space
on the vertical flight movements of a species (e.g. Ghose et al. 2009), an important
factor in forests with multiple vegetation layers that vary in structure (e.g. canopy
crowns, bole zone, understorey; Chapter 2). Manipulative studies that remove or extend
the confines of the testing enclosure and record data over as large an area/volume as
feasible should give a more accurate assessment of the ability of edge-space bats to fly
and forage in clutter.

In this study, I collected and made comparisons of flight behaviour data for a small
close edge-space insectivorous bat, Vespadelus vulturnus (Chiroptera: Vespertilionidae;
Thomas, 1914), in managed forest sites with varying levels of structural clutter (the
result of different logging histories). The study sites were set within a mosaic of
variously harvested forest coupes. The aim of the work was to gain insight into the
potential effects of different levels of structural clutter on the sustained flight patterns of
continuous-aerial-foraging bats within forests, to inform future research; thus, a large
number of flight variables were measured. Bats were fitted with light tags and released,
after small-scale translocation from the forest track, where they were captured, to large
observation arenas in the interior of the adjacent forest. Behavioural measures focused
on observations of bats made within and across circles of a set radius, and included the
use of different vertical strata, the selection of different strata relative to their
availability, patterns of vertical and horizontal movement and the time taken to reach
the perimeter of a circle. The overall research study comprised two smaller studies. In
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Study 1, I made comparisons between behaviour in old and young regrowth forest,
where the close edge-space guild containing V. vulturnus is relatively active (Glass
1993, Chapters 2 and 3). In Study 2, I studied behaviour in younger regrowth than that
used in the first study, comparing unthinned and recently thinned forest sites; V.
vulturnus was not considered to make frequent use of these forest types in a study
conducted about ten years earlier (Glass 1993). I predicted that in old and young
regrowth, bats would fly in all strata, but spend more of their time in the subcanopy
(bole zone: the stratum with only canopy tree stems and effectively no foliage or
branches) than other layers. For the comparison between unthinned and thinned
regrowth, I predicted that bats in unthinned regrowth would fly more exclusively in the
subcanopy, movement across a circle would be slower and flight behaviour in general
would be much less variable than for bats in thinned forest. I also made a conservative
assessment of differences in behaviour in logging treatments between the two studies by
examining the means and confidence intervals of flight variables and looking for nonoverlap of the intervals. The results are interpreted in the context of variation in
vegetation structure, and with acknowledgement of possible differences in site
familiarity for bats, among logging histories.

5.2

Methods

5.2.1

Study species
The little forest bat Vespadelus vulturnus (formerly Eptesicus vulturnus)

is a widespread bat species of south-eastern Australia (Churchill 1998). It is found in
both temperate and semi-arid environments, although in the latter it is more often
associated with riverine habitats (Young and Ford 1998, Lumsden and Bennett 1995). It
occupies a range of altitudes but appears to be less common above 1000 m a.s.l. (Law et
al. 1998) and may prefer altitudes at or below 550 m a.s.l. (Herr 1998). It uses a variety
of habitats from continuous forest to open woodland and sparsely treed farmland,
showing an apparent tolerance to habitat fragmentation, whilst avoiding very open areas
(e.g. O’Neill and Taylor 1986, Lunney and Barker 1987, Mills et al. 1996, Herr 1998,
Glass 1993, Law et al. 1999, Law and Chidel 2001, Lumsden and Bennett 2005, Fischer
et al. 2009). Vespadelus vulturnus is a predominantly tree-roosting bat, often using
hollows within dead trees or dead sections of trees, but showing no consistent selection
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for tree size (Law and Chidel 2000, Campbell et al. 2005). It also roosts in artificial
structures (Tidemann and Flavel 1987). It forages opportunistically with respect to prey
type (O’Neill and Taylor 1989) and trapping records from Tasmania indicate a bimodal
pattern of activity, which approximately mirrors that of flying insects (Taylor and
O’Neill 1988).

Vespadelus vulturnus is one of the smallest bats in Australia (4 g, forearm length
approximately 28 mm; Churchill 1998, and references cited therein), using strategies
such as torpor to minimise heat loss at low ambient temperatures (Tidemann 1982,
Willis et al. 2005). Females of the species are monoestrus (Tidemann 1993). In the few
studies that have reported the species’ wing morphology measurements, aspect ratio and
wing loading, there is some discrepancy in the values obtained (O’Neill and Taylor
1986, Norberg and Rayner 1987, Glass 1993, Rhodes 2002; Table 5.1). Factors such as
intraspecific variation (perhaps exacerbated by low sample size), regional variation,
different measurement techniques, measurement error and differences in the use of live
and preserved specimens could all have contributed to these inter-study differences
(Table 5.1). However, where wing morphology measurements were recorded from
assemblages of species in the same region and using the same methods to obtain
measurements, aspect ratio and wing loading values for V.vulturnus were usually
relatively low (O’Neill and Taylor 1986, Rhodes 2002), including bats measured in the
same region as the current study (Glass 1993). Lower wing loading is related to lower
flight speed and higher manoeuvrability (an ability to make tighter turns; e.g. Aldridge
1987) and having wings with low aspect ratio can contribute to greater agility (the
ability to execute manoeuvres quickly) in bats with low wing loading (e.g. Thollesson
and Norberg 1991).
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Table 5.1. Mean body and wing morphology measurements recorded from Vespadelus vulturnus in different studies, and predicted flight
speeds from Norberg and Rayner (1987). M, body mass; B, wingspan; S, wing area; WL, wing loading = weight (or mass * gravitational
acceleration g) / wing area; AR, aspect ratio AR = wingspan2 / wing area; Vmp, minimum power speed = 6.58 * M 0.422 * B -0.479 * S -0.148;
Vmr, maximum range speed = 8.71 *M 0.423 * B -0.498 * S -0.144; †, measurement not provided, but derived from aspect ratio and wing area
measurements; -, measurement not provided or could not be calculated.
Study

B

S

(kg)

(m)

O’Neill and
Taylor 1986

0.0042

Norberg and
Rayner 1987

0.0045

Glass

-

AR

(m2)

WL
(N/m2)

-

-

-

5.46

0.227

0.0069

6.4

7.5

0.192† 0.0072

5.47

5.15

0.181

6.36

5.19

Predicted
Vmp (m/s)

Predicted
Vmr (m/s)

n = 5, Tasmania, preserved specimens.
2.86

3.80

0.0041

0.006

n unknown, data obtained from W. R. Phillips,
pers. comm., location unknown, status of
specimens unknown.
n = 2, south coast of NSW, in same area as the
current study, live specimens.

1993
Rhodes
2002

Notes

3.13

4.17

n = 7, south-eastern Queensland, included the
head and ears in measurements of wing area,
unlike the other studies, live specimens.
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The echolocation call of V. vulturnus, as measured with the Anabat system, is FM-QCF
in structure, characteristic of edge-space foragers. It is a curved, backward-‘J’ shaped
call with a relatively steep initial slope, tapering off to a less steep end slope, often with
a short upward-modulated ‘tail’ (Law et al. 2002, Pennay et al. 2004; Figure 5.1). The
frequency of V. vulturnus echolocation calls varies regionally (Law et al. 2002, Pennay
et al. 2004, Adams et al. 2010). Along most of the coastal plain of NSW, including the
vicinity of this study, the characteristic frequency (flattest section of the dominant
harmonic) of search phase calls recorded mostly on forest tracks and in forest clearings
is in the range 48-55 kHz (Law et al. 2002, Pennay et al. 2004, Adams et al. 2010;
Figure 5.1, Appendix M). This range includes the higher frequencies emitted when calls
are recorded close to acoustic clutter, or as targets are approached (e.g. Kalko and
Schnitzler 1993). However, it is unlikely that this species has been recorded as often in
the most open situations, nor in very high clutter. Therefore, the frequency range may
be wider. Call frequencies for V. vulturnus on the coastal plain are high relative to most
other sympatric bats with the same call structure (Pennay et al. 2004, Adams et al.

Frequency (kHz)

2010).

Time (sec.)
Figure 5.1. Example sonogram of a call sequence produced by Vespadelus vulturnus,
after capture and release at Kioloa, within the research study area. The call was recorded
digitally using the Anabat II detector system and is displayed on Analook software.
Only the dominant harmonic is displayed. Division ratio, 16; expansion function key 8
(F8); time between calls compressed.
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5.2.2

Study site description
Study 1: Old and young regrowth
All sites were located in forest dominated or co-dominated by spotted gum

Corymbia maculata. Four old regrowth sites were used for light-tagging. They were the
same old regrowth sites used to assess vertical stratification of bats in an acoustic
monitoring study in the previous year (Chapter 2, Appendix A). According to available
records, they had been selectively logged in the first half of the twentieth century, but
had not been subject to harvesting since. They comprised abundant mature trees, 25-35
m in height, a diverse understorey and an open structure. Five young regrowth sites
were used. Three of these were the same young regrowth sites used in the previous
year’s study that had undergone heavy selective logging in the previous 25-50 years, but
had not been subject to thinning (Chapters 2 and 3, Appendix A). An additional two
sites were found with similar logging history and vegetation structure (Appendix A).
The young regrowth sites were characterised by relatively dense stands of small
diameter straight trees, 20-25 m in height.

Study 2: Unthinned and thinned regrowth
Unthinned and thinned sites were in forests dominated by C. maculata, grey
ironbark Eucalyptus paniculata, or co-dominated by both species. The sites had been
clear-felled approximately 30 years previously (Glass 1993) or very heavily logged with
little evidence of remnant vegetation. Unthinned sites had not been harvested since
clear-felling and comprised very dense even-aged regrowth, 15-25 m in height. Thinned
sites had undergone heavy thinning operations within the 2-3 months prior to the current
study. They contained sparsely distributed regrowth trees, 20-25 m in height. Many
felled trees remained on the ground, in preparation for post-thinning burns.

5.2.3

Observation arenas
The flight behaviour of light-tagged bats was recorded in circular arenas in each

forest site. In Study 1, two circles were marked out from the same central point, one
with a radius of 30 m (henceforth ‘Circle30’) and one with a radius of 50 m (henceforth
‘Circle50’). The perimeter of Circle50 was usually within 5 m of a forest track. All of
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the bats light-tagged at each site were released from the central point. Observations
within the concentric circles were recorded and analysed to assess the degree of
correspondence between the data (including variability) obtained in a small and large
behavioural arena. By doing this, I could determine whether a 30 m radius arena was
sufficient to provide representative data for this type of study. In Study 2, only the 30 m
radius circle (Circle30) was used and a number of these non-overlapping circles were
set up at each site, also within 5 m of a track. Of the bats light-tagged at each site in
Study 2, only one was released from the centre of each circle.

5.2.4

Light-tagging
Light-tagging for Study 1, in old and young regrowth sites, took place in

separate sampling ‘weeks’: 22-25 January, 2-4 February and 15-20 February 2002.
Monthly mean maximum temperatures in January and February 2002 were 24.3°C and
23.0°C, respectively, while the equivalent minimum temperatures were 16.9°C and
16.6°C and total rainfall was 145.8 mm and 300.8 mm (Ulladulla Automatic Weather
Station, Bureau of Meteorology). Light-tagging sampling weeks for Study 2, comparing
unthinned and thinned regrowth, were 2-4 February and 25 February-1 March 2003.
Monthly mean maximum temperatures in February and March 2003 were 24.3°C and
22.2°C, respectively, while the equivalent minimum temperatures were 18.1°C and
15.5°C and total rainfall was 103.4 mm and 179.0 mm (Ulladulla Automatic Weather
Station, Bureau of Meteorology). One site of a logging treatment was sampled on one,
or sometimes two, nights in a single sampling week. Logging treatments were
interspersed across time whenever possible so that, during most sampling weeks, at
least one site from each logging treatment was sampled. Observers visited each release
site during daylight to become accustomed to the structure of the vegetation as viewed
from their observation position on the 30 m circle. This allowed them to identify
landmarks, such as individual trees, the edges of vegetation strata and conspicuously
placed flagging tape on the perimeter of Circle30 and, if relevant, Circle50, by which
they could later determine bat flight positions during light-tagging. We avoided
sampling on nights during the one-week periods before and after a full moon (with one
exception, when sampling occurred 3-6 days before the full moon), to avoid potential
biases associated with sampling at this time (e.g. Reith 1982). However, there was
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always enough ambient light at night for observers to make out their relevant
landmarks. Observers were also given light-tagging practice runs in low light so that
they could get used to the movement of the light-tagged bats and identify any
observation problems to be addressed prior to sampling.

Bats were trapped on the night before light-tagging, using harp traps set on the track
adjacent to each release site. We trapped on forest tracks, rather than inside the forest, to
increase the probability of capturing a reasonably large sample of bats. Bats are known
to be highly active on forest tracks compared to the forest interior (Law and Chidel
2002), at least close to ground level (Chapter 2) where traps are most easily set. Trapped
bats were collected in the morning and held throughout the day, during which time they
were identified (Parnaby 1992, Churchill 1998) and sexed. Forearm length was
measured and recorded to the nearest 0.1 mm using vernier calipers. When time
permitted, the age of each bat was also estimated as juvenile or adult (juvenile bats were
identified by the presence of visible cartilaginous bands in the joints of the wing bones:
defined as ‘subadult’ in Parnaby 1992). Additionally, the bats were weighed to the
nearest 0.1 g, time permitting.

The following night, at or just after sunset, all bats were taken back to the trapping site.
Vespadelus vulturnus individuals were held for light-tagging; bats not used in the study
were released on the track. At each site, all bats or a random sub-sample of bats were
chosen from the harp-trapped sample, to be light-tagged at the same site. I did not
distinguish between sexes or age classes of V. vulturnus bats when choosing individuals
for the light-tagging studies, due to limitations on field resources and the preliminary
nature of the study. Previous research comparing the flight capabilities or habitat
selection of bats have found that differences in mass between the sexes at different life
or reproductive stages (e.g. Tidemann 1982, Taylor and Savva 1990) could potentially
lead to one sex showing reduced clutter tolerance due to greater wing loading (e.g.
Kalcounis and Brigham 1995). My two studies were conducted between late January
and the beginning of March, to avoid trapping the heavily pregnant or newly lactating
females of late spring and early summer (Tidemann 1993). The timing of the studies
coincided with the time of year (late summer and early autumn) when both male and
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female bats were increasing their weights (Tidemann 1982), as they accumulated fat
reserves for the winter ahead. As well as the potential for differential clutter-tolerance
between the sexes, there is extensive evidence that flight capability in juveniles
improves greatly in a relatively short space of time following volancy. Newly volant
bats take short flights (Buchler 1980, Racey and Swift 1985) in relatively uncluttered
habitat (Buchler 1980, Adams 1997). However, within a few weeks, factors such as an
increase in wing size (Adams 1996), changes in echolocation (Wund 2005) and
(probably) practice result in juveniles displaying more adult-like flight and foraging
behaviour (Buchler 1980, Racey and Swift 1985) and using a larger range of habitats,
including cluttered ones (Adams 1996). By examining the demographic status of my
own trapping samples and comparing it to an earlier study in the same area (Tidemann
1993), I estimated the age range of juveniles to be between five and nine weeks. I also
compared sex ratio, age-class ratio, forearm length and mass of trapped bats among
sampling weeks and between logging histories; there were no significant differences
(Appendix N). Interspersion of the logging treatments across the respective study
sampling periods would have helped to control for any possible confounding effects of
flight ability over time. Despite the apparent similarity of flight patterns between adults
and older juveniles (Buchler 1980, Racey and Swift 1985), adults undoubtedly have
more flight experience. Thus, I assume that the observational data for each treatment
likely represent a broad range of flight skills, regardless of sampling week.

Each bat was sequentially fitted with a light tag by me (Starlite SL-5 mini chemical
light stick; 23 mm length, 3 mm diameter) and released for observation. A tag weighed
0.14-0.15 g, less than or equal to 5% of the body mass of any bat sampled (Aldridge and
Brigham, 1988). Using tags of low relative mass was important to ensure any impact on
flight performance was minimised. One tag was attached longitudinally to the outermost
hair on the dorsal surface of each bat, just below the shoulders, using a minute amount
of cyanoacrylate (SuperGlue) streaked in a thin line halfway along the length of the
light stick. This was done to facilitate removal of the tag by grooming within as short a
time period as possible after data collection. Such a measure should have helped to
prevent other behavioural effects that might result from carrying a tag (Fenton et al.
2000, Hoxeng et al. 2007).
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Three to five observers were positioned evenly around the perimeter of Circle30 at the
release site. Each observer was equipped with a tape recorder, containing an audio
cassette, and a walkie-talkie, with which observers and I maintained contact. Just prior
to the release of the first bat, all observers switched on their tape recorders
simultaneously and kept them on throughout the light-tagging session. All torches were
switched off. Tagged bats were released one at a time at the centre of the observation
circle/s and allowed to take flight at will. (Occasionally, individuals entered torpor
without further arousal before their release; these were subsequently placed in small
empty hollows in trees bordering the track at their site of capture.) I indicated the
moment of flight initiation vocally. Each observer recorded the vertical position of the
bat within predetermined forest strata (above-canopy, canopy, subcanopy, understorey
tree and understorey shrub: below two metres in height) and the horizontal position of
the bat with respect to the observation circles. In Study 1, observers recorded these
variables continuously. In Study 2, each observer used a timer set to countdown in 5second cycles, with a double tone emitted at the end of each cycle. Observers recorded
the horizontal and vertical position of the bat at the time of each double tone. In both
studies, observers kept in contact with each other and the bat releaser to report relevant
information, such as flight direction, the last visual of the bat and the reappearance of
light-tagged bats while observing a subsequent bat (this rarely occurred). Occasional
time checks given by one person were recorded onto all tapes. Incidental observations
were sometimes recorded, including times when a bat passed into or out of sight,
crossovers between vegetation strata or circles, and flight type (e.g. direct, circling,
sharp turning or diving). Once the bat had apparently left the observation area (i.e. had
not been visible to anyone for at least five minutes in Study 1, or two minutes in Study
2), timers were stopped, the second bat was released, and the protocol repeated. Once
observations of all the light-tagged bats had been collected, the tape recorders were
switched off simultaneously.

For Study 1, I transcribed tape-recorded observations into note form, using a stopwatch
to time the entire light-tagging session and the continual observations of horizontal and
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vertical position for each observer. The data corresponding to the end point of each 5second interval were then extracted. To account for variation in tape speed among tape
recorders, I calibrated observation times using the flight initiation calls, recorded time
checks and the beginning and ending of recording sessions. For Study 2, I transcribed
the observations taken at 5-second intervals.

Bats were often out of view of at least one observer. Providing at least one observer
recorded the bat’s flight position at the appropriate time, I included the observation. I
pooled observations for all observers at a release site to produce one set of observations
for each bat. When discrepancies occurred between observations made at a particular
time, an observation was accepted or rejected on the basis of the location of the observer
in relation to the bat. Observations of horizontal position made within a short distance
of the bat were given preference over those made from a longer distance. Observations
of vertical position made from a long distance and on a similar contour of the slope as
the bat were given preference over those made close to, or upslope/downslope of, the
bat. When the location of observers in relation to the bat was unclear, the mode
observation was accepted (e.g. agreement by two out of three observers). If there was no
mode, the recorded observation was the mode of previous and subsequent observations,
as long as it matched one of the current observations.

Variables relating to habitat use and flight patterns were extracted from the data sets.
Definitions of the variables are provided in Table 5.2.

5.2.5

Vegetation structure
For Study 1, I measured sixteen variables for analysis of vegetation structure in

Circle30 and Circle50. In Circle30, five random x,y co-ordinates were selected. At each
point, percentage cover (‘cover’) values were estimated in a 5 m x 5 m sub-plot for
canopy, understorey tree, understorey shrub and ground (<1 m) strata. These were
categorised into cover class scores: 1 = ≥70%, 2 = 50-69%, 3 = 30-49%, 4 = 10-29%
and 5 = <10% (Figure 2.1). Using the canopy tree closest to each random point as a
starting point, I measured the distance to the nearest stem (regardless of the stem’s
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maximum height) in canopy, understorey tree and understorey shrub strata (Figure 2.1)
in four quadrants around the tree. Nearest neighbour distances for the four quadrants
were ordered from nearest to 4th nearest stem in each vegetation layer. For Circle50, I
added the data for the five points collected in Circle30 to a further five random points
collected in the 30-50 m ring. Averages of the five (Circle30), or ten (Circle50), data
points collected for each variable were used for analysis.

Height and vertical depth measurements for Study 1 were accessed from data obtained
in the previous year (measured with a clinometer) inside the forest at the same research
sites (Chapter 2) as those used in Study 1: that is, all four old regrowth sites and three of
the five young regrowth sites. I assume that the differences in the values of those
variables between the time of their measurement and the light-tagging study were
relatively small. The variables extracted from that data for the current research were the
height to the top of the canopy tree (Figure 2.1), canopy (crown) depth, subcanopy
depth (equivalent to vertical gap - Can/UST; Figure 2.1), understorey tree depth (height
of understorey trees minus height of understorey shrubs), understorey shrub depth
(height of shrubs) and the vertical gap between understorey tree and shrub strata
(vertical gap – UST/USS; Figure 2.1). I also calculated the depth of the understorey tree
and shrub strata as a single stratum (‘understorey tree-shrub’, measured as the height of
the understorey trees), for comparison with the equivalent variable in Study 2.

For Study 2, I measured and averaged data from five random points located inside
Circle30. Fewer vegetation variables were measured because understorey tree and
understorey shrub strata were not readily distinguishable. Therefore, I defined one
understorey stratum: ‘understorey tree-shrub’ for obtaining structural data (although bat
flight at heights below two metres was still considered to be in the understorey shrub
stratum). I used the same methods as in Study 1 to obtain measurements of fifteen
structural variables: canopy cover, understorey tree-shrub cover, ground cover, nearest
stems in four quadrants for canopy and understorey tree-shrub strata, canopy height,
canopy depth, subcanopy depth and understorey tree-shrub depth.

121

Chapter 5. Flight of Vespadelus vulturnus

5.2.6

Statistical analysis
Before analysis of the light-tagging observations was undertaken, some data

were removed to increase the probability that a bat reappearing after a period of absence
was the latest bat being light-tagged, and not a different bat that had been light-tagged
earlier in the night. Removing all observations after a very short period without a
sighting would have been excessive. As a compromise, only data that were recorded
after there had been no sightings for at least four consecutive observations were
removed. In Study 1, this process did not apply to the first bat released at any site, only
to subsequently released bats. Interestingly, there were a large number of consecutive
observations with no sightings for the first bat released at four old regrowth and two
young regrowth sites in Study 1; perhaps the observers took a short time to become
accustomed to following the light-tagged bat on each sampling night, in spite of earlier
training. However, these bats could not have been confused with others, as they were
the first to be released; therefore, I retained all of the observations for them to minimise
data loss. This problem was not apparent for bats light-tagged in Study 2. In Study 1,
the process of data removal resulted in the loss of just fourteen flight observations,
including three in Circle50 and eleven outside Circle50. In Study 2, six flight
observations were excluded, including one inside Circle30 and five outside Circle30.

Because more than one bat was released at each of the old and young regrowth sites in
Study 1, it was possible that site effects could influence the comparisons of the different
logging histories. However, the number of bats released at each site varied greatly;
therefore, it was preferable to pool the bats across sites within logging histories to
increase the power of the analysis. A univariate ANOVA, comparing the main effects of
logging history (fixed effect) and site (random effect) was conducted on each bat flight
variable to be analysed statistically for Circle30 and Circle50, to determine whether
there was a significant difference among sites. If not, the data from different sites within
each logging history were pooled. This process was not applied to Study 2 data, as just
one bat was released within each observation circle.
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As the sample size of bats was dependent on trapping success and not very high overall,
I wanted to use the available observational data as fully as possible. However, the
number of observations collected varied greatly among individual bats. If the behaviour
of bats varied depending on the number of recorded observations, the pooling of data
from bats with small and large numbers of observations could confound the results of
statistical analyses, particularly with regard to the differential use of strata. Therefore,
before each relevant analysis, I analysed the effect of the number of flight observations
on the variable in question, using Runs tests, with the mean value of the variable as the
cut point. The results of the Runs tests were used to determine whether it was
appropriate to analyse the full sample of bats in each logging treatment and observation
circle as a whole.

To compare the flight behaviour of bats in different logging histories and different
vertical strata within logging histories, I analysed the number of flight observations in
pooled strata and separate strata (stratum use), the number of strata that bats flew in
(stratum breadth), the number of bouts of flight observations in a single stratum (pooled
strata and separate strata) and the average duration of these observation bouts (pooled
strata and separate strata; Table 5.2). For the latter variable, I also compared bout
duration in the two most commonly used strata, only using data from bats flying in both
strata. To analyse the variables for which data was partitioned into separate strata, I used
partly-nested ANOVA with repeated measures for the following experimental design:
logging history (between-blocks, 2 levels, fixed), individual bat (block) nested within
logging history (random) and vertical stratum (within-blocks, 5 or 2 levels, fixed).
Greenhouse-Geiser adjustments were made to P-values, if the assumption of sphericity
of the within-blocks factor (stratum) or its interaction with logging history was violated,
according to the Greenhouse-Geiser epsilon (Quinn and Keough 2002). The number of
bats that flew directly with respect to the horizontal plane (across circles) or the vertical
plane (across strata) were compared to those that displayed return horizontal or vertical
flight (‘directness – horizontal’ and ‘directness – vertical’; Table 5.2), between logging
treatments, and the stratum of the first flight observation, the highest stratum, the
highest stratum pre-vertical return and the lowest stratum post-vertical return were also
compared (Table 5.2). These assessments were done descriptively, as expected
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frequencies < 1 were commonplace in tests of association between the relevant
variables (Field 2005). I also compared the means of the number of flight observations
for pooled strata, stratum breadth, horizontal and vertical return frequencies, number of
flight observations obtained for a bat per stratum change, number of bouts in pooled
strata and average duration of bat bouts in pooled strata (Table 5.2) in different logging
treatments, using Student t-tests.

To assess the selection of vertical strata by bats (that is, to assess stratum use after
taking stratum height into account), I used compositional analysis, as described by
Aebischer et al. (1993). Bats from two young regrowth sites in Study 1 (‘Moun’ and
‘Shan’) were excluded, as no forest or stratum height data were available for them. Of
the remaining sites in Studies 1 and 2, bats were selected conservatively for the stratum
selection study based on the condition that they were observed exiting the observation
arena, either by crossing outside the circle of interest or leaving the forest through the
canopy with at least one observation above the canopy. For these bats, any return
observations subsequent to their final exit from the observation arena were excluded.
Understorey shrub and tree strata were combined (‘understorey’) and the above-canopy
stratum was omitted, leaving three strata for compositional analysis: understorey,
subcanopy and canopy. All stratum use proportions equalling zero were converted to
0.1 (Aebischer et al. 1993). Proportional use (flight observations) and availability
(stratum height) data for each bat or site (Table 5.2) were transformed into log-ratios,
using the canopy as the denominator, to overcome the problem of lack of independence
when analysing proportions that sum to one, the unit-sum constraint (Aitchison 1986).
The differences between use and availability log-ratios were used to compare the
multivariate selection of strata between logging histories, using analysis of similarity
(ANOSIM; PRIMER 5, Clarke and Gorley 2001). If this did not differ significantly,
data from logging histories were pooled and log-ratio differences were used to calculate
Wilk’s lambda and test for non-random use of strata. If these tests were significant (i.e.
use was non-random), paired t-tests were used to determine which pairs of strata
differed significantly in their relative selection by bats. The significance of Wilk’s
lambda and t were assessed with randomisation tests, using 1000 permutations of the
data, including the original data (Aebischer et al. 1993). Randomisation was done by
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randomly changing the sign (+ or -) of the log-ratio differences (personal
communication, N. Aebischer). Along with the results of the statistical analyses, I
present a ranking of the strata in order of their relative importance, or strength of
selection. In this ranking, pairs of strata are separated with ‘>’ to indicate a nonsignificant ranking (ranks effectively interchangeable) or ‘>>>’ to indicate a ranking
that is significantly different (Aebischer et al. 1993).

Bats that were observed crossing the Circle30 and/or Circle50 perimeters, as
appropriate, were used to calculate the time (latency) to the perimeter, based on
observations taken at 5-second intervals (Table 5.2). Student t-tests were used to
compare the mean latency to the perimeter of each circle and the mean rate of
movement (metres/second) across each circle between logging treatments (Table 5.2).
The mean values of individual vegetation variables were compared between logging
histories using Student t-tests.

The data to be used in t-tests or ANOVA were checked to see if they complied with the
assumptions of a normal distribution and homogeneity of variance, by examining
histograms and boxplots of the spread of the data, and residual plots, in addition to
checking the results of Levene’s tests. The number of flight observations per stratum
change and the duration of bouts for pooled, five and two strata were log(x+1)transformed, while all vegetation variables were log(x)-transformed, to improve their fit
of the assumptions, before statistical analysis. For these data, I present backtransformed means and 95% confidence intervals, the latter of which will be
asymmetrical. Statistical tests that produced P-values of ≤ 0.05 were deemed to indicate
statistically significant differences among treatments.

The continuous data for bat flight behaviour and relevant components of vegetation
structure in Circle30 of Study 1 and Study 2 were compared using a visual assessment
of the 95% confidence intervals about each mean, for variables measured in the
different logging treatments. When data from different strata were available for a flight
behaviour variable, I compared logging histories for each stratum separately, as if only
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one stratum had been sampled. Means were used for this, rather than the estimated
marginal means output of the ANOVAs. Although significant differences often occur
between means when their confidence intervals overlap (Cumming and Finch 2005), I
used a conservative assessment, whereby the logging history means were considered to
be different if no overlap occurred between the 95% confidence intervals. For the
stratum selection variable, log-ratio differences were assessed, and a difference was
dependent on whether confidence intervals for different logging histories overlapped the
zero value, rather then each other. Categorical data were compared between logging
histories using sample proportions. The procedure was not conducted to perform a
robust statistical analysis on means or variability between studies, as this was not
appropriate. The purpose was to assess the likely results of such an analysis and
construct hypotheses for future testing, while acknowledging the possible limitations to
this process due to the studies being conducted in different years. Because Circle30 in
Study 2 was situated much closer to the forest track (within 5 m) than in Study 1 (>20
m), some bats in Study 2 may have encountered the track almost immediately upon
leaving Circle30. The track represents different habitat from the forest interior.
Consequently, a number of flight variables (relating to the directness of horizontal flight
and the total amount of flying time, including return flights) in Study 2 could have been
influenced by bats making different choices if they encountered the track on their exit
from Circle30, especially if a large proportion of bats did this. Therefore, for Study 2, I
recorded where bats exited Circle30 in relation to the track, specifically whether they
were observed flying on, close to (closest semicircle), or far from (furthest semicircle),
the track.
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Table 5.2. Definition of variables used in Studies 1 and 2 to assess the flight behaviour of light-tagged bats in different logging treatments
and vertical strata. Each variable was analysed for Circle30 and Circle50 data in Study 1, and Circle30 data in Study 2. Variables marked
with * were not statistically analysed.
Definition

Number of flight obs. – pooled
strata

The number of flight observations recorded across all vertical strata.

Stratum use

The number of flight observations recorded in each of five vertical strata: understorey shrubs,
understorey trees, subcanopy, canopy and above-canopy.

Stratum breadth

The number of strata used in flight by a bat.

Stratum selection

The difference in the use of vertical strata and the availability of those strata in the forest. Use is the
proportion of flight observations spent in each of three vertical strata: understorey (understorey
shrubs and understorey trees strata combined), subcanopy and canopy; the above-canopy stratum is
excluded. Availability is the proportion of the forest height occupied by each of the three strata.

Directness – horizontal*

The number of bats that either left an observation circle then subsequently returned to it (return
flight), or were not observed leaving and then returning to a circle (direct flight). Direct flight
allocation included bats that were not observed leaving a circle at all. For Circle50, return flight
includes returns across both the Circle30 and Circle50 perimeters.

Number of horizontal returns

The number of changes of direction (inward and outward across circle perimeters) for bats that used
return horizontal flight. Initial direction was established from the preceding one or two areas
(Circle30, 30-50 ring, outside Circle50) in which flight observations were made.
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Variable

Definition

Directness – vertical*

The number of bats that either left one stratum for a higher one then returned to a lower stratum
(return flight), or were not observed leaving and then returning to lower strata (direct flight). Direct
flight allocation included bats that were only observed flying in one stratum. If more than one bout
of flight observations was recorded for a bat in the target circle (with intervening flight observations
outside the circle), the assessment of directness was made individually for each bout. However,
assessment of directness included any stratum changes occurring during re-entry to the target circle
(e.g. a change in stratum was counted for Circle30 when the bat flew in the understorey shrub
stratum outside Circle30, followed immediately by the understory tree stratum inside Circle30). The
release point was in understorey shrubs; therefore, if the first observation was in any other stratum,
the bat was considered to have left the understorey shrub stratum.

Number of vertical returns

The number of changes of direction (to lower or higher strata) for bats that used return vertical
flight. The change in direction had to occur within the target circle, including during re-entry to this
circle. Initial direction was established from the preceding one or two strata in which flight
observations were made, whether inside or outside of the target circle.

First stratum*

The stratum of the first flight observation.

Highest stratum*

The highest stratum recorded in all flight observations.

Highest stratum pre-return*

The highest stratum recorded prior to any return vertical flight.

Lowest stratum post-return*

The lowest stratum recorded after any return vertical flight.
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Variable

Definition

Observations per stratum change

The average number of flight observations recorded for each move by a bat between adjacent strata,
using five vertical strata. Calculated by dividing the total number of flight observations by the
number of stratum changes. Includes any stratum changes occurring during re-entry to the target
circle. One stratum change equals a move from one stratum to an adjacent one (e.g. a move from the
canopy to the subcanopy equals one stratum change; a move from understorey trees to abovecanopy equals three stratum changes, regardless of whether the move occurred over two consecutive
flight observations or more). The release point was in understorey shrubs; therefore, if the first flight
observation was recorded in any other stratum, this counted as one or more stratum changes.

Number of bouts – pooled strata

The number of bouts of consecutive, single-stratum, flight observations recorded across all vertical
strata. An included bout had to begin in the observation circle for which the analysis was conducted.
If two or more bouts of flight observations in the same stratum were separated only by observations
with no bat sighting, flight observations with the stratum unknown, or non-flight observations, only
one of these bout ‘fragments’ was counted.

Number of bouts – 5 strata

The number of bouts of consecutive, single-stratum, flight observations recorded for each of five
vertical strata. See ‘Number of bouts – pooled strata’ for further information.

Duration of bouts – pooled strata

The average duration of all bouts of consecutive, single-stratum, flight observations across all
vertical strata (units: number of flight observations). An included bout had to begin in the
observation circle for which the analysis was conducted; however, the entire duration of the bout
was measured, regardless of subsequent crossovers into or out of circles. If two or more ‘bouts’ of
flight observations in the same stratum were separated only by flight observations where the stratum
was unknown, observations with no bat sighting, or non-flight observations, only the longest of
these bout ‘fragments’ was measured.
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Variable

Definition

Duration of bouts – 5 strata

The duration of the bouts of consecutive, single-stratum, flight observations for each of five vertical
strata (units: number of flight observations). If two or more bouts from the same stratum (separated
by flight in other strata) were recorded, their average duration was used for analysis. See ‘Duration
of bouts – pooled strata’ for further information.

Duration of bouts – 2 strata

The duration of the bouts of consecutive, single-stratum, flight observations for each of two vertical
strata: understorey trees and subcanopy (units: number of flight observations). If two or more bouts
from the same stratum (separated by flight in other strata) were recorded, their average duration was
used for analysis. Only the data from bats flying in both strata were analysed. See ‘Duration of bouts
– pooled strata’ for further information.

Latency to the perimeter

The time taken for a bat to fly to the perimeter of Circle30 or Circle50 (units: seconds). Calculated
as the mid-point between the time of the first flight observation recorded outside of the circle of
interest and the time of the previous flight observation. For a bat to be included, observations
without a bat sighting could not be amongst the observations recorded before the perimeter was
reached. If a bat landed before reaching a perimeter, but was still visible, its previous and
subsequent flight observations were included, but not its non-flight observations.

Rate of movement

The average movement of bats across the observation circles per unit of time (units: metres second1
). Calculated as the radius of Circle30 or Circle50 divided by the latency to the perimeter.
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Variable

Chapter 5. Flight of Vespadelus vulturnus

5.2.7

Interpretation of flight observations
It is important to stress that the light-tagging studies did not record observations

of bats flying under completely natural conditions, to the extent that individual bats
were not released on the forest tracks where they were trapped, but inside forest sites
away from the tracks, albeit at a short distance. This was necessary to maximise the
sample size of bats light-tagged in a range of logging treatments, including those that
appear to support very low levels of bat activity. There are two main implications to this
translocation of bats. Firstly, the study cannot be compared directly with previous
studies in which bat flight was observed after trapping and release at the site of capture
(e.g. Aldridge and Rautenbach 1987). Therefore, I make any such comparisons within
the context of different studies using different degrees of manipulation or intrusion.

Secondly, and more importantly, there was no way of controlling for each bat’s
familiarity with the forest site in which it was released and observed. Animals entering
novel surroundings, by choice or as an artificial introduction, may display different
locomotion patterns from those already familiar with an area. This could occur, for
example, because they have not had the opportunity to practice site-specific motor
routines that would enable faster, more efficient, movement around obstacles (Stamps
1995). In a confined setting at least, bats given the opportunity to practice flight or
foraging activity near clutter become progressively more adept at it (Stockwell 2001,
Wund 2005). Although bats commonly use forest tracks and other linear features as
flyways for foraging and commuting between roosting and foraging sites (Wai-Ping and
Fenton 1989, Krull et al. 1991, Walsh and Mayle 1991, Britton et al. 1997, Robinson
and Stebbings 1997, Grindal and Brigham 1998, Grindal and Brigham 1999, Grindal et
al. 1999, Lloyd et al. 2006a, Schaub and Schnitzler 2007b, Hein et al. 2009), it does not
necessarily follow that a bat utilising such a flyway will have had flight experience in
the adjacent habitat. For example, Taylor and Savva (1988) found that bats trapped on
tracks in mature and regrowth forest roosted only in mature forest. Conversely, if a bat
is familiar with a habitat it may have had extensive flight experience within it, as many
bats habitually use specific roost areas, foraging areas and commuting routes (e.g.
Racey and Swift 1985, Estrada and Coates-Estrada 2001, Broders et al. 2006).
Consequently, familiarity with (including flight experience within) the release sites was
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likely to have differed among light-tagged individuals in my studies. However, if the
natural flight of V. vulturnus is typically impeded in any of the logging treatments used
for light-tagging, then the degree of familiarity may have varied with logging treatment,
possibly confounding any direct effects of logging treatment or structural clutter on
flight behaviour. I assume that all bats used in the studies initially experienced some
degree of disorientation due to their translocation from the track to the forest interior,
after one day in captivity. Otherwise, I discuss the behaviour of bats in the context of
both logging treatment and possible variation in site familiarity.

5.3

Results – Study 1: old and young regrowth

5.3.1

Observations of light-tagged bats and site effects
Observations were recorded for 18 and 24 light-tagged bats in old and young

regrowth forest, respectively. A total of 314 flight observations were recorded in old
regrowth, with 56% of these collected within 30 m of the release point (Circle30) and
87% collected within 50 m of this point (Circle50; Table 5.3). In young regrowth, 459
flight observations were recorded, with 52% in Circle30 and 82% in Circle50 (Table
5.3). Among the recorded flight observations were a number of observation time-points
without a sighting of the bat being light-tagged. There were 97 of these non-sightings
spread among 8 bats in old regrowth and 26 spread among 6 bats in young regrowth.
Only one bat, in Circle30 of a young regrowth site, was observed to land (on a tree)
during its observation period, after seven flight observations. It spent three observations
in this roosting position, before disappearing from view and not reappearing.
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Table 5.3. The total number of flight observations recorded in five strata (and stratum
unknown) and in different observation arenas in old and young regrowth sites. USS =
understorey shrub, UST = understorey tree, SC = subcanopy, Can = canopy, AbC =
above-canopy, n = number of light-tagged bats.
No. of flight observations

USS

UST

SC

Can

AbC

Unknown

0
0
0
0
0

40
31
71
2
0

97
37
134
19
0

24
16
40
12
0

15
12
27
1
0

1
1
2
6
0

7
5
12
2
0

59
23
82
24
0

134
76
210
29
0

23
22
45
10
0

11
4
15
12
0

5
6
11
7
0

Old regrowth (n = 18)
Circle30
Ring 30-50
Circle50 (Circle30 + Ring 30-50)
Outside Circle50
Circle unknown
Young regrowth (n = 24)
Circle30
Ring 30-50
Circle50 (Circle30 + Ring 30-50)
Outside Circle50
Circle unknown

There was no significant effect of site on bat flight variables in Circle30 or Circle50 (P
> 0.05; Appendix O). Therefore, bats from different sites within each logging history
were pooled for subsequent statistical analyses.

5.3.2

Effect of number of flight observations
The number of flight observations obtained at five-second intervals per light-

tagged bat in Circle30 was 3-18 in old regrowth and 2-29 in young regrowth (Figure
5.2). In Circle50, 3-33 flight observations per bat were recorded in old regrowth and 339 per bat in young regrowth (Figure 5.2). Despite these large ranges, there was
virtually no influence of the number of flight observations on the data for which Runs
tests could be performed (P > 0.05). Appendix P contains further details of the results of
the Runs tests for all relevant analyses.
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No. of observations

40
35
30
25
20
15
10
5
0

30-OR

30-YR

50-OR

50-YR

Figure 5.2. Number of flight observations recorded for light-tagged Vespadelus
vulturnus bats, in Circle30 and Circle50 of old (OR) and young (YR) regrowth sites.
Closed circles are data for all bats, which were included in most statistical analyses
(OR: n = 18 bats; YR: n = 24 bats); open circles are data for bats included in the
analysis of bout duration using two strata (Circle30 OR: n = 8 bats; Cicle30 YR: n = 12
bats; Circle50 OR: n = 10 bats; Circle50 YR: n = 14 bats); horizontal lines are data for
bats included in the stratum selection analysis (Circle30 OR: n = 13 bats; Cicle30 YR: n
= 12 bats; Circle50 OR: n = 10 bats; Circle50 YR: n = 7 bats). Some bats had an equal
number of observations; therefore, the number of symbols may be less than n.

5.3.3

Total number of flight observations and stratum use
The mean number of flight observations recorded in all strata was 10 for both

old and young regrowth in Circle30 (Table 5.4). In this circle, the mean use of five
vertical strata by bats did not differ between old and young regrowth (Table 5.4).
However, there was a significant difference among strata (GG P < 0.001). The mean
number of flight observations in the subcanopy was 5.5, significantly higher than in any
other stratum (Table 5.4). The next most frequently used stratum was understorey trees,
which was used less than half as much as the subcanopy. This stratum was used
significantly more than the understorey shrubs and above-canopy strata, but not
significantly more than the canopy. Understorey shrubs, canopy and above-canopy
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strata had the least use and did not differ significantly (Table 5.4). There was no
interaction between logging history and stratum factors.

There was a mean of 15 flight observations recorded across all strata in Circle50 for
each of the logging treatments (Table 5.4). The pattern of stratum use was the same for
Circle50 as for Circle30; logging history had no significant effect (Table 5.4) but there
was a significant difference among strata (GG P < 0.001). As for Circle30, significantly
more flight observations (mean 8.1) were made in the subcanopy than in all other strata
(Table 5.4). Logging history and stratum factors did not interact.
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the significance level (P) for significantly different factor levels, means (or estimated marginal means) and 95% confidence intervals (CIs;
shown below the means) for logging and stratum levels, in Circle30 and Circle50. Different letters below the CIs indicate factor levels that
differ significantly, with mean values decreasing progressively from a-d. There were no significant interactions between factors. OR, old
regrowth; YR, young regrowth; USS, understorey shrubs; UST, understorey trees; SC, subcanopy; Can, canopy; AbC, above-canopy; FO,
number of flight observations; Dur., Duration; ns, no significant difference P > 0.05; *, P ≤ 0.05; ***, P ≤ 0.001; n, number of bats
analysed in OR and YR, respectively; -, not analysed.
Logging
Circle30

Stratum

P
ns

OR
9.8
7.6-12.0

YR
9.8
7.1-12.4

P
-

Stratum use (FO)
(n: 18, 24)

ns

2.0
1.4-2.5

2.0
1.5-2.4

***

Stratum breadth (no. of strata)
(n: 18, 24)

ns

1.9
1.6-2.3

2.0
1.7-2.3

-

Number of horizontal returns
(n: 3, 7)

*

3.7
0.0-8.8

1.7
1.3-2.2

Number of vertical returns
(n: 2, 3)

ns

1.0
1.0-1.0

1.3
0.0-2.8

FO - pooled strata
(n: 18, 24)

USS
-

UST
-

SC
-

Can
-

AbC
-

2.3
1.4-3.2
b

5.5
4.1-6.9
a

1.1
0.5-1.8
b,c

0.6
0-1.3
c

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.1
0-0.5
c
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Table 5.4. Results of partly-nested analysis of variance and t-tests for different flight behaviour variables measured in Study 1, including

Logging
Circle30

Stratum

OR
3.8
3.0-4.8

YR
3.4
2.5-4.5

P
-

USS
-

UST
-

SC
-

Can
-

AbC
-

Number of bouts – pooled strata
(n: 18, 24)

ns

2.1
1.5-2.6

2.0
1.7-2.4

-

-

-

-

-

-

Number of bouts – 5 strata
(n: 18, 24)

ns

0.4
0.3-0.5

0.4
0.3-0.5

***

0.6
0.4-0.7
b

1.0
0.8-1.2
a

0.3
0.1-0.4
b,c

0.1
0.01-0.2
c

Dur. of bouts – pooled strata (FO)
(n: 18, 24)

ns

5.7
4.6-7.1

5.2
4.1-6.5

-

-

-

-

-

Dur. of bouts - 5 strata (FO)
(n: 18, 24)

ns

1.0
0.7-1.2

0.9
0.7-1.1

***

1.3
0.8-2.1
b

4.4
3.2-6.1
a

0.7
0.3-1.2
b,c

0.3
0.02-0.5
c,d

Dur. of bouts - 2 strata (FO)
(n: 8, 12)

ns

3.5
2.4-5.1

4.9
3.6-6.7

***

-

2.5
1.7-3.6
b

6.8
4.9-9.6
a

-

-

Latency to the perimeter (sec.)
(n: 12, 19)

ns

42
29-56

43
29-57

-

-

-

-

-

-

Rate of movement (m/sec.)
(n: 12, 19)

ns

0.9
0.6-1.2

1.0
0.7-1.3

-

-

-

-

-

-

0.04
0-0.1
c
-

0.04
0-0.1
d
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P
ns

FO per stratum change
(n: 18, 24)

Circle50

Stratum

P
ns

OR
15.1
10.8-19.4

YR
15.2
10.4-19.9

P
-

Stratum use (FO)
(n: 18, 24)

ns

3.0
2.0-4.0

3.0
2.2-3.9

***

Stratum breadth (no. of strata)
(n: 18, 24)

ns

2.1
1.7-2.4

2.2
1.9-2.5

-

Number of horizontal returns
(n: 5, 7)

ns

2.6
0-5.2

2.3
0.7-3.9

Number of vertical returns
(n: 3, 9)

ns

1.7
0.2-3.1

FO per stratum change
(n: 18, 24)

ns

Number of bouts – pooled strata
(n: 18, 24)

ns

FO - pooled strata
(n: 18, 24)

USS
-

UST
-

SC
-

Can
-

AbC
-

3.7
2.3-5.1
b

8.1
5.8-10.4
a

2.0
0.8-3.3
b,c

1.1
0.2-1.9
c

-

-

-

-

-

-

-

-

-

-

-

1.7
0.9-2.4

-

-

-

-

-

-

4.8
3.7-6.2

3.9
3.0-5.2

-

-

-

-

-

-

2.4
1.7-3.1

2.6
2.1-3.1

-

-

-

-

-

-

0.2
0-0.8
c
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Logging

Logging
Circle50

Stratum

OR
0.5
0.4-0.6

YR
0.5
0.4-0.6

P
***

Dur. of bouts – pooled strata (FO)
(n: 18, 24)

ns

6.2
5.0-7.6

5.5
4.7-6.6

-

Dur. of bouts - 5 strata (FO)
(n: 18, 24)

ns

1.2
0.9-1.5

1.1
0.9-1.3

***

Dur. of bouts - 2 strata (FO)
(n: 10, 14)

ns

5.1
3.7-7.0

5.0
3.8-6.6

***

Latency to the perimeter (sec.)
(n: 6, 10)

ns

62
40-83

57
32-82

Rate of movement (m/sec.)
(n: 6, 10)

ns

0.9
0.6-1.2

1.3
0.6-1.9

USS
0.06
0-0.2
b

UST
0.8
0.6-1.1
a

SC
1.1
1.0-1.3
a

Can
0.3
0.2-0.5
b

AbC
0.1
0.03-0.3
b

-

-

-

-

1.7
1.1-2.7
b

5.4
4.0-7.2
a

0.8
0.4-1.4
b,c

0.3
0.06-0.7
c,d

-

3.2
2.3-4.6
b

7.9
5.9-10.4
a

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.05
0-0.2
d
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P
ns

Number of bouts – 5 strata
(n: 18, 24)
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5.3.4

Stratum breadth
Individual bats were observed to fly in a mean of 1.9 and 2.0 strata in Circle30

in old and young regrowth, respectively (Table 5.4). The mean number of strata used in
Circle50 was 2.1 and 2.2, respectively (Table 5.4). There was no significant difference
in stratum breadth between logging treatments for either circle (Circle30: t = -0.235, d.f.
= 40, P = 0.815; Circle50: t = -0.477, d.f. = 40, P = 0.636; Table 5.4). Regardless of
observation arena or logging history, one-third of bats flew in both understorey tree and
subcanopy layers, and all bats flew in at least one of these strata (Table 5.5). Similarly,
one-third of bats flew in the canopy (Table 5.5). Bats using multiple strata always used
adjacent ones, with the exception of one or two individuals in each logging treatment
and circle. The exceptions always occurred when bats used below-canopy and abovecanopy strata, but not the canopy.

Table 5.5. The number of bats observed flying in understorey shrub (USS), understorey
tree (UST), subcanopy (SC), canopy (Can) and above-canopy (AbC) strata, in Circle30
and Circle50 of old regrowth (n = 18 bats) and young regrowth (n = 24 bats).

Circle30
Circle50

5.3.5

USS UST
0
11
0
11

OR
SC
16
17

Can
6
6

AbC
2
3

USS UST
1
15
2
16

YR
SC
21
23

Can
8
8

AbC
3
3

Stratum selection
The number of bats fulfilling the criteria for inclusion in the stratum selection

study was 13 and 12 in old and young regrowth, respectively, for the observations
recorded inside Circle30, and 10 and 7 in old and young regrowth, for Circle50. There
was no significant difference in the multivariate selection of old and young regrowth
strata in Circle30, as determined by compositional analysis (use and availability logratio differences) (ANOSIM Global R = -0.017, P = 0.522). Similarly, selection of
strata between old and young regrowth in Circle50 did not differ significantly
(ANOSIM Global R = 0.013, P = 0.289). Therefore, logging histories were pooled
within Circle30 and Circle50 to increase the sample size for the test of random use. As
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the number of flight observations did not influence the percentage use of any stratum in
either circle when sites were pooled (Section 5.3.2), no changes were made to the
pooled sample of bats.
Stratum use was non-random (λ = 0.382, χ = 24.03, d.f. = 2, P = 0.001 by
randomisation; Table 5.6) in Circle30 for pooled old and young regrowth sites.
Vespadelus vulturnus preferred both the understorey and subcanopy over the canopy
(order of preference: subcanopy > understorey >>> canopy). In Circle50, stratum use
was also non-random (λ = 0.168, χ = 30.33, d.f. = 2, P = 0.001 by randomisation; Table
5.6). In this circle, however, each pair of strata differed significantly (order of
preference: subcanopy >>> understorey >>> canopy). See Appendix Q for details of the
pairwise tests.

Table 5.6. Usage and availability for Vespadelus vulturnus individuals used in the
stratum selection study. Usage — as mean (and SD), if applicable — is the percentage
of flight observations spent in understorey (pooled understorey shrub and tree strata;
US), subcanopy (SC) and canopy (Can) strata, in Circle30 and Circle50 of old (OR) and
young regrowth (YR) sites. Availability is the percentage of the mean forest height
taken up by each stratum, with the same values applying to both Circle30 and Circle50.
The number of bats observed at each site and the mean forest height (m) are also
provided.
Circle30
Usage (%)
Site

Logging

No. of bats

US

SC

Can

LF

OR

6

24.4 (38.0)

61.7 (35.1)

13.9 (22.2)

Flet

OR

3

19.1 (24.1)

61.6 (34.3)

19.3 (16.8)

MtAg

OR

1

63.6

36.4

0.0

Mrang

OR

3

38.9 (53.6)

61.1 (53.6)

0.0 (0.0)

OC

YR

2

20.8 (5.9)

79.2 (5.9)

CC

YR

6

64.8 (39.5)

35.2 (39.5)

0 (0)

Bark

YR

4

29.4 (15.6)

64.4 (10.9)

6.3 (12.5)

0 (0)
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Circle50
Usage (%)
Site

Logging

No. of bats

US

SC

Can

LF

OR

5

21.8 (21.9)

55.4 (19.5)

22.8 (32.0)

Flet

OR

2

28.6 (24.8)

56.0 (46.5)

15.4 (21.8)

MtAg

OR

1

58.3

41.7

0

Mrang

OR

2

8.3 (11.8)

91.7 (11.8)

0 (0)

OC

YR

2

0.0 (0.0)

16.7 (4.7)

CC

YR

3

48.7 (19.9)

51.3 (19.9)

0 (0)

Bark

YR

2

25.3 (0.5)

74.7 (0.5)

0 (0)

83.3 (4.7)

Circle30 and Circle50
Availability – Stratum Height (%)
Site

Logging

Forest Height (m)

US

SC

Can

LF

OR

26.8

25.0

14.8

60.2

Flet

OR

34.9

23.9

28.1

48.0

MtAg

OR

26.2

22.7

23.8

53.5

Mrang

OR

33.4

24.7

18.8

56.5

OC

YR

26.6

23.9

26.6

49.5

CC

YR

23.6

30.5

23.3

46.2

Bark

YR

20.2

25.2

29.7

45.1

5.3.6

Horizontal directness and number of returns
For Circle30, few bats (17%) displayed return horizontal flight in old regrowth,

while the remainder exited Circle30 and were not observed to return (61%) or were not
observed crossing the perimeter at all (22%; Table 5.7). In young regrowth, relatively
more bats returned (29%) but most were still observed leaving directly (54%) or were
not observed leaving (17%; Table 5.7). Bats that displayed return horizontal flight
crossed the Circle30 perimeter twice as often in old regrowth as they did in young
regrowth (4 versus 2 crossings; t = 2.519, d.f. = 8, P = 0.036), although only three bats
contributed to the old regrowth data (Table 5.4) so this result should be treated with
caution.
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For Circle50, similar numbers of bats were observed showing return horizontal flight in
old (28%) and young (29%) regrowth as were recorded for Circle30, partly because
return crossings across the perimeters of both circles were counted (Table 5.7).
However, the number of bats not observed crossing the Circle50 perimeter at all was
doubled, relative to Circle30, in both old (44%) and young (38%) regrowth (Table 5.7).
Bats that showed return horizontal flight crossed the Circle30 and/or Circle 50
perimeter/s 2-3 times. The rate of crossing did not differ significantly between old and
young regrowth (t = 0.288, d.f. = 10, P = 0.779; Table 5.4).

Table 5.7. The number of bats showing direct and return horizontal flight with respect
to the Circle30 perimeter (‘Circle30’) or both the Circle30 and Circle50 perimeters
(‘Circle50’), in old (OR) and young (YR) regrowth. Directly flying bats were either
observed crossing the perimeter of each circle (Direct Out) or not (Direct In).

Circle30
Circle50

5.3.7

Direct In
4
8

OR
Direct Out
11
5

Return
3
5

Direct In
4
9

YR
Direct Out
13
8

Return
7
7

Vertical directness, number of returns and important stratum data
In Circle30, few bats in old and young regrowth descended to lower strata

during their observation period (return vertical flight: 11% and 12%, respectively; Table
5.8). The majority flew in just one stratum or in successively higher strata over the
course of their observations, without returning to lower strata. The bats that displayed
return vertical flight changed direction just once, on average, whether they were in old
or young regrowth (t = -0.775, d.f. = 3, P = 0.495; Table 5.4). In fact, there was little
difference between logging histories for other variables relating to vertical flight
patterns. The first flight observation for all bats was most commonly in the understorey
trees, although the subcanopy was also commonly visited first (Table 5.9). By the
second observation, 72% of bats in old regrowth, but just 33% in young regrowth, had
reached the subcanopy. It took five flight observations (25 seconds) for at least 70% of
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bats in young regrowth to reach the subcanopy. About 50% of all bats flew highest in
the subcanopy but four of the five bats using return vertical flight reached the canopy
before their return flight (Table 5.9). The same bats flew lowest in the subcanopy after
the descent (Table 5.9). As in the smaller observation arena, few bats used return
vertical flight in Circle50 of old regrowth (17%). However, over one-third of bats (38%)
returned to lower strata during flight in Circle50 of young regrowth (Table 5.8). In both
logging histories, bats that changed vertical flight direction did so on about two
occasions, on average (t = 0.000, d.f. = 10, P = 1.000; Table 5.4). As for Circle 30, most
bats in Circle50 flew first in the understorey trees and half flew highest in the
subcanopy (Table 5.9). However, return flight occurred mostly after bats reached the
canopy or subcanopy, and the subcanopy or understorey trees were the lowest stratum
flown in after changing direction (Table 5.9).

Table 5.8. The number of bats showing direct and return vertical flight with respect to
five strata in Circle30 and Circle50, in old (OR) and young (YR) regrowth.
OR
Circle30
Circle50
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Direct
16
15

YR
Return
2
3

Direct
21
15

Return
3
9

Table 5.9. The number of bats using each of five strata for their first and highest flight observations and the number of bats that displayed
return vertical flight using each of four relevant strata for their highest pre-return and lowest post-return flight observations, in Circle30 and
Circle 50, in old (OR) and young (YR) regrowth.
First stratum
OR

YR

USS
UST
SC
Can
AbC

0
10
8
0
0

0
15
8
1
0

Total

18

USS
UST
SC
Can
AbC
Total

Highest stratum

Highest stratum
pre-return
OR
YR

OR

YR

USS
UST
SC
Can
AbC

0
2
9
5
2

0
3
11
7
3

USS
UST
SC
Can
AbC

0
0
2
0

1
0
2
0

24

Total

18

24

Total

2

0
10
8
0
0

0
15
8
1
0

USS
UST
SC
Can
AbC

0
1
9
5
3

0
1
13
7
3

USS
UST
SC
Can
AbC

18

24

Total

18

24

Total

Lowest stratum
post-return
OR

YR

USS
UST
SC
Can
AbC

0
0
2
0
-

1
0
2
0
-

3

Total

2

3

0
1
2
0

1
4
4
0

USS
UST
SC
Can
AbC

0
3
0
0
-

2
3
4
0
-

3

9

Total

3

9

Circle30
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Circle50
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5.3.8

Flight observations per stratum change
Bats flying in Circle30 of old and young regrowth forest made 1-4 stratum

changes. The mean number of flight observations per change of stratum 3.8 (raw data
range 1.5-9.0) in old regrowth and 3.4 (raw data range 0.8-14.5) in young regrowth
(Table 5.4). There was no significant difference between logging treatments for the
mean number of observations per stratum change (t = 0.585, d.f. = 40, P = 0.562; Table
5.4).

In Circle50, bats in old regrowth made 1-6 stratum changes, while bats in young
regrowth made 1-5 stratum changes. The mean number of flight observations per
stratum change was 4.8 (raw data range 1.5-14.0) in old regrowth and 3.9 (raw data
range 0.8-11.3) in young regrowth (Table 5.4). There was no significant difference
between logging histories (t = 1.017, d.f. = 40, P = 0.315; Table 5.4).

5.3.9

Number of bouts
Combining the data from all strata, bats executed a mean of 2.1 and 2.0 single-

stratum bouts in Circle30 of old and young regrowth, respectively (Table 5.4). The
mean number of bouts for separate strata in Circle30 did not differ significantly between
logging treatments (Table 5.4). However, there was a significant difference among
strata (GG P < 0.001). There was a mean of 1.0 single-stratum bouts in the subcanopy,
significantly higher than for all other strata (Table 5.4). Understorey trees had the next
highest mean (0.6), which was significantly different from the understorey shrubs and
above-canopy strata, but not from the canopy. The latter three strata did not differ
significantly from each other (Table 5.4). There was no interaction between logging
history and stratum factors.

In Circle50, the mean number of single-stratum bouts for pooled strata increased to just
2.4 bouts in old regrowth and 2.6 bouts in young regrowth (Table 5.4). The mean
number of bouts for separate strata did not differ between logging histories (Table 5.4).
There was a significant effect of stratum, however (GG P < 0.001). The subcanopy and
understorey trees strata had means of 1.1 and 0.8 single-stratum bouts, respectively
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(Table 5.4). These did not differ significantly but were both significantly higher than the
other three strata (Table 5.4). Logging history and stratum factors did not interact.

5.3.10 Duration of bouts
The mean duration of single stratum bouts, averaged over all bouts, was about 6
flight observations in old regrowth and 5 flight observations in young regrowth, a nonsignificant difference (Table 5.4). The mean duration of single-stratum bouts for five
separate strata in Circle30 did not differ between old and young regrowth (Table 5.4).
However, bout duration among the five strata did differ significantly (GG P < 0.001).
The subcanopy had the longest bouts (mean = 4.4 flight observations), significantly
higher than for all other strata (Table 5.4). Bats in the understorey tree stratum also flew
in relatively long bouts; significantly longer than understorey shrubs and the space
above the canopy, but not different from the canopy (Table 5.4). Logging history and
stratum factors did not interact. When only the bats observed in both subcanopy and
understorey tree strata were considered, mean bout duration for each stratum was
greater, but subcanopy bouts were still significantly longer (GG P < 0.001; Table 5.4).

The mean duration of single-stratum bouts for pooled strata in Circle50 was
approximately 6 flight observations for both old and young regrowth (P > 0.05; Table
5.4). Bout duration data from this circle gave the same pattern of differences among five
strata (GG P < 0.001; subcanopy bouts longest: mean duration = 5.4) as was obtained
for Circle30 (Table 5.4). There was no significant difference in mean bout duration
between old and young regrowth (Table 5.4) and there was no interaction between the
tested factors. Analysis of just those bats that were observed in subcanopy and
understorey tree strata did not change the pattern of bout duration between the strata
(GG P < 0.001), although in both cases the bouts were longer than for all bats (Table
5.4).

5.3.11 Latency to circle perimeter and rate of movement
The mean time taken for bats to reach the perimeter of Circle30, as measured by
observations taken at 5-second intervals, was 42 sec. in old regrowth and 43 sec. in
young regrowth (Table 5.4). There was no significant difference between these times (t
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= -0.082, df = 29, P = 0.935; Table 5.4). The mean rate of movement for light-tagged
bats was, therefore, 0.9 ± 0.5 (SD) m s-1 in old regrowth and 1.0 ± 0.6 m s-1 in young
regrowth (t = -0.427, df = 29, P = 0.673; Table 5.4).

It took a mean of 62 sec. and 57 sec. for bats to reach the Circle50 perimeter in old and
young regrowth, respectively (Table 5.4), not a significant difference (t = 0.298, df =
14, P = 0.770; Table 5.4). The equivalent mean rate of movement was 0.9 ± 0.3 m s-1 in
old regrowth and 1.3 ± 0.9 m s-1 in young regrowth (t = -1.061, df = 14, P = 0.307;
Table 5.4).

5.3.12 Vegetation structure
In Circle30, there were no significant differences between old and young
regrowth for any of the vegetation variables, although there was a trend for the distance
to the fourth nearest canopy stem to be greater in old regrowth (Table 5.10). For
Circle50, in which twice the number of data points were measured, the distance to the
second nearest canopy stem was a third longer in old regrowth as in young regrowth (P
< 0.05), while there were also trends for the first, third and fourth nearest canopy stem
distances to be longer in old regrowth (Table 5.10). Considering both circles, the mean
first to the fourth nearest stem distances for the canopy were approximately 400-1000
cm in old regrowth and 300-800 cm in young regrowth. Cover for each stratum
(canopy: 10-70%; understorey tree and understorey shrub: 0-30% for each; ground: 3070%) and nearest stem distances for both understorey tree (1st – 4th nearest,
approximately 200-600 cm) and understorey shrub (approximately 100-325 cm) strata
did not differ between logging histories for Circle30 or Circle50 (Table 5.10).

For height and depth data measured in the four old regrowth forest sites and three of the
five young regrowth forest sites the previous year, canopy depth was 1.5 times greater
in old than in young regrowth (P < 0.05 ) and there was a trend for the height of canopy
trees to be greater in old regrowth (Table 5.10). However, the depth of the subcanopy,
understorey tree, understorey shrub and understorey combined strata did not differ
among logging histories, as was the case for the vertical gap between understorey strata
(Table 5.10).
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Table 5.10. Results of t-tests for individual vegetation variables measured for Study 1,
including the significance level (P) for significant differences, means and 95%
confidence intervals (CIs; shown below the means) in Circle30 and Circle50 of old
(OR) and young (YR) regrowth sites (n = 4 and 5 sites, respectively, unless †). †, height
and gap variables were measured in the previous year in OR and YR (n = 4 and 3 sites,
respectively). Different letters below the CIs indicate factor levels that differ
significantly, with mean values decreasing from a-b. Cover values are ordinal scores,
with increasing values indicating less percentage cover; nearest stem values are in
centimetres; height and vertical gap values are in metres. ns, no significant difference P
> 0.05; ~, marginal: 0.05

P ≤ 0.1; *, P ≤ 0.05.
˂

Logging
P

OR

YR

Circle30
Cover - Canopy (Can)

ns

2.4
1.5-4.0

2.6
2.0-3.5

Cover - Understorey tree (UST)

ns

4.8
4.5-5.1

4.6
4.0-5.2

Cover - Understorey shrub (USS)

ns

4.5
3.7-5.4

4.6
4.0-5.2

Cover - Ground (G)

ns

2.1
1.4-3.3

2.5
1.3-4.9

Nearest Can stem - 1st nearest

ns

395.8
285.5-548.8

331.1
239.5-457.9

Nearest Can stem - 2nd nearest

ns

537.0
465.3-619.9

455.0
342.5-604.4

Nearest Can stem - 3rd nearest

ns

720.3
609.2-851.7

608.1
481.8-767.5

Nearest Can stem - 4th nearest

ns~

944.1
811.7-1098.0

787.0
652.1-950.0
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Logging
P

OR

YR

Circle30
Nearest UST stem - 1st nearest

ns

263.0
200.9-344.3

223.9
160.5-312.3

Nearest UST stem - 2nd nearest

ns

342.8
277.1-424.0

340.4
248.5-466.3

Nearest UST stem - 3rd nearest

ns

467.7
374.7-583.9

469.9
325.2-678.9

Nearest UST stem - 4th nearest

ns

595.7
445.3-796.7

599.8
436.7-823.8

Nearest USS stem - 1st nearest

ns

95.5
39.2-232.5

112.7
80.0-158.8

Nearest USS stem - 2nd nearest

ns

131.8
55.9-311.0

166.0
100.3-274.5

Nearest USS stem - 3rd nearest

ns

179.9
82.9-390.3

218.8
131.6-363.7

Nearest USS stem - 4th nearest

ns

266.1
140.2-504.9

325.1
237.1-445.6

Circle50
Cover - Canopy (Can)

ns

3.0
2.3-3.8

2.5
1.7-3.7

Cover - Understorey tree (UST)

ns

4.8
4.5-5.0

4.7
4.3-5.1

Cover - Understorey shrub (USS)

ns

4.1
3.1-5.4

4.4
3.9-5.0

Cover - Ground (G)

ns

2.0
1.5-2.8

2.5
1.3-4.8

Nearest Can stem - 1st nearest

ns~

444.1
310.8-634.6

319.2
246.2-413.7

150

Chapter 5. Flight of Vespadelus vulturnus

Logging
P

OR

YR

Circle50
Nearest Can stem - 2nd nearest

*

627.3
511.7-769.1
a

467.7
358.0-611.1
b

Nearest Can stem - 3rd nearest

ns~

808.2
676.4-965.5

639.7
500.8-817.2

Nearest Can stem - 4th nearest

ns~

1011.6
840.2-1217.9

827.9
666.3-1028.8

Nearest UST stem - 1st nearest

ns

273.8
193.1-388.4

208.9
159.9-273.0

Nearest UST stem - 2nd nearest

ns

369.4
277.5-491.7

335.7
252.9-445.8

Nearest UST stem - 3rd nearest

ns

515.8
377.2-705.3

450.8
318.6-637.8

Nearest UST stem - 4th nearest

ns

660.7
464.9-938.9

610.9
470.6-793.1

Nearest USS stem - 1st nearest

ns

105.3
53.0-209.2

109.6
78.6-152.9

Nearest USS stem - 2nd nearest

ns

138.0
66.5-286.7

161.4
105.1-248.0

Nearest USS stem - 3rd nearest

ns

180.9
92.6-353.5

222.8
138.7-357.9

Nearest USS stem - 4th nearest

ns

258.5
138.4-483.0

323.6
230.9-453.6
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Logging
†Height - Can

P
ns~

OR
30.1
23.8-38.1

YR
23.3
16.6-32.8

†Depth - Can

*

16.4
13.5-19.9
a

10.9
6.9-17.3
b

†Depth - Subcanopy

ns

6.2
3.5-11.3

6.2
4.5-8.4

†Depth – UST-S (UST, USS combined)

ns

7.2
5.6-9.4

6.2
4.0-9.5

†Depth - UST

ns

5.1
3.4-7.6

4.4
2.8-7.1

†Depth - USS

ns

2.1
1.9-2.4

1.7
1.0-3.0

†Vertical gap – UST/USS

ns

1.0
0.6-1.7

1.4
0.2-8.0

5.4

Results - Study 2: unthinned and thinned regrowth

5.4.1

Observations of light-tagged bats
Light-tagging was conducted for 13 and 9 bats in unthinned and thinned

regrowth, respectively. There were 123 flight observations recorded in unthinned
regrowth and 76% of these were within 30 m of the release point (Circle30; Table 5.11).
In thinned regrowth, 61% of a total of 126 flight observations were collected in Circle30
(Table 5.11). Amongst the flight observations were observation time-points without a
sighting of the light-tagged bat: 16, among 4 bats, in unthinned regrowth and 4, among
4 bats, in thinned regrowth. Two bats landed during observations, both at the same
unthinned regrowth site, but on different trees. One landed inside Circle30 after one
flight observation and remained perched for 42 observations (approximately 3.5
minutes) before taking flight and ultimately disappearing from view outside Circle30.
The other landed outside Circle30, after seven flight observations, and was observed
flying again after 14 observations on the tree.
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Table 5.11. The total number of flight observations recorded in five strata (and stratum
unknown) in unthinned and thinned regrowth sites. USS = understorey shrub, UST =
understorey tree, SC = subcanopy, Can = canopy, AbC = above-canopy, n = number of
light-tagged bats.
No. of flight observations

USS

UST

SC

Can

AbC

Unknown

2
1
0

37
11
0

36
11
0

16
4
0

2
1
0

1
1
0

0
0
0

47
15
2

28
26
0

2
6
0

0
0
0

0
0
0

Unthinned regrowth (n = 13)
Circle30
Outside Circle30
Circle unknown
Thinned regrowth (n = 9)
Circle30
Outside Circle30
Circle unknown

5.4.2

Effect of number of flight observations
The number of flight observations recorded per light-tagged bat in Circle30 was

in the range 3-14 in unthinned regrowth and 4-15 in thinned regrowth (Figure 5.3).
There was virtually no influence of the number of flight observations on the data for
which Runs tests could be performed (P > 0.05). Appendix P contains further details of
the results of the Runs tests for all relevant analyses.
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16

No. of observations

14
12
10
8
6
4
2
0

Unthinned

Thinned

Figure 5.3. Number of flight observations recorded for light-tagged Vespadelus
vulturnus bats, in Circle30 of unthinned and thinned sites. Closed circles are data for all
bats, which were included in most statistical analyses (unthinned: n = 13 bats; thinned: n
= 9 bats); open circles are data for bats included in the analysis of bout duration using
two strata (unthinned: n = 13 bats; thinned: n = 7 bats); horizontal lines are data for bats
included in the stratum selection analysis (unthinned: n = 8 bats; thinned: n = 8 bats).
Some bats had an equal number of observations; therefore, the number of symbols may
be less than n.

5.4.3

Total number of flight observations and stratum use
In unthinned regrowth, the mean number of flight observations of light-tagged

bats in pooled strata was 7, while in thinned regrowth it was almost 9 (Table 5.12).
There was no significant difference in stratum use between unthinned and thinned
regrowth (Table 5.12). However, there was a significant difference in use among strata
(GG P < 0.001). Flight observations in understorey tree (mean 4.0) and subcanopy
(mean 2.9) strata did not differ, but were significantly more common than in the other
strata (Table 5.12). The use of understorey shrub, canopy and above-canopy strata
(mean ≤ 0.7) did not differ significantly (Table 5.12). There was no interaction between
logging history and stratum factors.
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Table 5.12. Results of partly-nested analysis of variance and t-tests for different flight behaviour variables measured in Study 2, including
the significance level (P) for significantly different factor levels, means (or estimated marginal means) and 95% confidence intervals (CIs;
shown below the means) for logging and stratum levels, in Circle30. Different letters below the CIs indicate factor levels that differ
significantly, with mean values decreasing from a-b. There were no significant interactions between factors. Number of horizontal returns
was not analysed, as only one bat displayed this flight pattern. USS, understorey shrubs; UST, understorey trees; SC, subcanopy; Can,
canopy; AbC, above-canopy; FO, number of flight observations; Dur., Duration; ns, no significant difference P > 0.05 ; ~, marginal: 0.05
˂ P ≤ 0.1; **, P ≤ 0.01; ***, P ≤ 0.001; n, number of bats analysed in unthinned and thinned regrowth, respectively; -, not analysed.
Logging
Circle30

Stratum

Unthinned
7.2
5.2-9.1

Thinned
8.6
6.0-11.1

P
-

USS
-

UST
-

SC
-

Can
-

AbC
-

Stratum use (FO)
(n: 13, 9)

ns

1.4
1.1-1.8

1.7
1.3-2.2

***

0.08
0-0.2
b

4.0
2.7-5.4
a

2.9
2.0-3.9
a

0.7
0-1.5
b

0.08
0-0.2
b

Stratum breadth (no. of strata)
(n: 13, 9)

**

2.8
2.3-3.2
a

1.9
1.4-2.4
b

-

-

-

-

-

-

Number of vertical returns
(n: 6, 3)

ns

1.7
0.6-2.8

1.7
0-4.5

-

-

-

-

-

-

FO per stratum change
(n: 13, 9)

**

2.0
1.6-2.5
b

3.7
2.3-6.1
a

-

-

-

-

-

-

FO – pooled strata
(n: 13, 9)
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P
ns

Circle30

P
ns~

Unthinned
3.6
2.6-4.6

Number of bouts – 5 strata
(n: 13, 9)

ns~

0.7
0.5-0.9

Dur. of bouts – pooled strata (FO)
(n: 13, 9)

**

2.2
1.8-2.7

Dur. of bouts - 5 strata (FO)
(n: 13, 9)

ns

0.8
0.7-1.0

Dur. of bouts - 2 strata (FO)
(n: 13, 7)

ns~

Latency to the perimeter (sec.)
(n: 6, 7)
Rate of movement (m/sec.)
(n: 6, 7)

Number of bouts – pooled strata
(n: 13, 9)

Stratum
Thinned
2.4
1.4-3.5

P
-

USS
-

UST
-

SC
-

Can
-

AbC
-

***

0.08
0-0.2
b

1.3
1.0-1.5
a

1.2
0.9-1.6
a

0.4
0.08-0.6
b

0.08
0-0.2
b

-

-

-

-

-

-

0.8
0.7-1.0

***

0.05
0-0.2
b

3.1
2.2-4.2
a

2.4
1.6-3.5
a

0.3
0.05-0.7
b

0.05
0-0.2
b

2.2
1.8-2.8

3.1
2.3-4.2

ns

-

2.4
1.8-3.2

2.9
2.1-4.0

-

-

ns

37
22-52

42
25-58

-

-

-

-

-

-

ns

0.9
0.5-1.4

0.8
0.5-1.1

-

-

-

-

-

-

0.5
0.3-0.7
5.1
2.9-8.9
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5.4.4

Stratum breadth
Individual bats flew in significantly more strata in unthinned regrowth than in

thinned regrowth (t = 2.994, d.f. = 20, P = 0.007; Table 5.12). Bats were observed in a
mean of three strata in unthinned regrowth and two strata in thinned regrowth (Table
5.12). All bats in unthinned regrowth flew in both the understorey tree and subcanopy
strata, while almost half were also observed in the canopy (Table 5.13). In thinned
regrowth all bats flew in the understorey tree stratum and seven out of the nine bats flew
in the subcanopy, but only one bat was recorded at canopy level (Table 5.13). Bats
using multiple strata always used adjacent ones, with the exception of one bat in
unthinned regrowth that used four strata, including the above-canopy layer, but not the
canopy.

Table 5.13. The number of bats observed flying in understorey shrub (USS),
understorey tree (UST), subcanopy (SC), canopy (Can) and above-canopy (AbC) strata,
in Circle30 of unthinned regrowth (n = 13 bats) and thinned regrowth (n = 9 bats).

Circle30

5.4.5

Unthinned
USS UST SC Can
3
13
13
6

Abc
1

Thinned
USS UST SC Can
0
9
7
1

Abc
0

Stratum selection
Observational data collected from 16 bats in Circle30 were suitable for use in

the stratum selection study, 8 bats for each of the unthinned and thinned treatments.
Using compositional analysis, the multivariate selection of strata between unthinned and
thinned sites did not differ significantly (ANOSIM Global R = 0.069, P = 0.169).
Therefore, logging histories were pooled to increase the sample size for the test of
random use. As the number of flight observations did not influence the percentage use
of any stratum for the pooled sites (Section 5.4.2), no changes were made to the pooled
sample of bats.

The use of strata in pooled unthinned and thinned sites, within Circle30, was nonrandom (λ = 0.193, χ = 26.34, d.f. = 2, P = 0.001 by randomisation; Table 5.14).
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Vespadelus vulturnus preferred the understorey over both upper strata and the
subcanopy over the canopy (order of preference: understorey >>> subcanopy >>>
canopy). See Appendix Q for details of the pairwise tests.

Table 5.14. Usage and availability for Vespadelus vulturnus individuals used in the
stratum selection study. Usage is the percentage of flight observations spent in
understorey (pooled understorey shrub and tree strata; US), subcanopy (SC) and canopy
(Can) strata, in Circle30 of unthinned and thinned sites. Availability is the percentage of
the mean forest height taken up by each stratum. The number of bats observed at each
site and the mean forest height (m) are also provided.
Usage (%)
Site

Logging

No. of bats

US

SC

Can

ST3

Unthinned

1

33.3

50.0

16.7

ST4

Unthinned

1

40.0

40.0

20.0

ST5

Unthinned

1

85.7

14.3

0

LC1

Unthinned

1

66.7

33.3

0

LC2

Unthinned

1

33.3

66.7

0

SG2

Unthinned

1

40.0

40.0

20.0

SG3

Unthinned

1

20.0

60.0

20.0

SG4

Unthinned

1

77.8

22.2

0

MR3

Thinned

1

11.1

66.7

22.2

BW1

Thinned

1

100

0

0

BW2

Thinned

1

75.0

25.0

0

BE1

Thinned

1

100

0.0

0

LTC1

Thinned

1

42.9

57.1

0

LTC3

Thinned

1

85.7

14.3

0

LTC4

Thinned

1

11.1

88.9

0

LTC5

Thinned

1

75.0

25.0

0

158

Chapter 5. Flight of Vespadelus vulturnus

Availability – Stratum Height (%)
Site

Logging

Forest Height (m)

US

SC

Can

ST3

Unthinned

15.1

19.8

31.4

48.8

ST4

Unthinned

22.1

15.8

39.6

44.6

ST5

Unthinned

15.4

19.5

41.5

39.0

LC1

Unthinned

18.9

13.9

51.0

35.1

LC2

Unthinned

16.1

31.8

15.5

52.7

SG2

Unthinned

26.1

8.6

46.9

44.5

SG3

Unthinned

22.8

9.3

35.7

55.0

SG4

Unthinned

19.6

16.6

36.3

47.1

MR3

Thinned

24.6

16.8

30.4

52.8

BW1

Thinned

25.8

10.2

36.9

52.9

BW2

Thinned

25.4

9.9

52.2

37.9

BE1

Thinned

18.9

12.6

31.8

55.6

LTC1

Thinned

21.5

20.9

19.8

59.3

LTC3

Thinned

22.9

8.7

45.9

45.4

LTC4

Thinned

26.4

10.9

47.9

41.2

LTC5

Thinned

26.8

8.9

43.9

47.2

5.4.6

Horizontal directness and number of returns
No bats were observed crossing the Circle30 perimeter and then returning in

unthinned regrowth, although 54% of bats were not observed flying outside of Circle30
at all (Table 5.15). Similar to unthinned regrowth, only one bat (11%) used return
horizontal flight in thinned regrowth. Unlike unthinned regrowth, however, all but one
bat with direct flight (78% of the total) was observed to exit Circle30 (Table 5.15). The
single bat in thinned regrowth that returned into Circle30 recrossed the perimeter a
second time to exit the circle.
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Table 5.15. The number of bats showing direct and return horizontal flight with respect
to the Circle30 perimeter, in unthinned and thinned regrowth. Directly flying bats were
either observed crossing the perimeter of each circle (Direct Out) or not (Direct In).

Circle30

5.4.7

Direct In
7

Unthinned
Direct Out
6

Return
0

Direct In
1

Thinned
Direct Out
7

Return
1

Vertical directness, number of returns and important stratum data
In Circle30 of unthinned regrowth, 46% of the bats descended to lower strata

during their observation period (Table 5.16). In thinned regrowth, 33% of bats showed
return vertical flight (Table 5.16). Those bats displaying return vertical flight changed
flight direction on about two occasions, in both unthinned and thinned regrowth (t =
0.000, d.f. = 7, P = 1.000; Table 5.12). All but two bats in unthinned regrowth and all
bats in thinned regrowth were first observed flying in the understorey tree stratum; the
two exceptions in unthinned regrowth were first observed in the understorey shrubs
(Table 5.17). Only two bats in each logging treatment had ascended to the subcanopy by
the second observation; the remainder of bats were in the understorey trees. However,
by the third observation, ten bats in unthinned regrowth flew in the subcanopy (77%),
but only four had reached this stratum in thinned regrowth (44%). It took seven flight
observations (35 seconds) for at least 70 % of bats in thinned regrowth to reach the
subcanopy. The highest stratum where flight was observed was commonly either the
subcanopy or canopy in unthinned regrowth (with two bats reaching the above-canopy
stratum) but was usually the subcanopy in thinned regrowth (Table 5.17). Bats returning
to lower strata did so mostly after having reached the canopy in unthinned regrowth and
the subcanopy in thinned regrowth (Table 5.17). Bats in both logging treatments flew
lowest in the understorey trees or subcanopy after changing vertical direction (Table
5.17).
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Table 5.16. The number of bats showing direct and return vertical flight with respect to
five strata in Circle30, in unthinned and thinned regrowth.
Unthinned
Circle30

Direct
7

Thinned
Return
6

Direct
6

Return
3
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return vertical flight using each of four relevant strata for their highest pre-return and lowest post-return flight observations, in Circle30, in
unthinned and thinned regrowth.
First stratum

Highest stratum

Highest stratum
pre-return
Unthinned Thinned

Unthinned Thinned

Lowest stratum
post-return
Unthinned Thinned

Unthinned

Thinned

USS
UST
SC
Can
AbC

2
11
0
0
0

0
9
0
0
0

USS
UST
SC
Can
AbC

0
0
6
5
2

0
2
6
1
0

USS
UST
SC
Can
AbC

0
1
4
1

0
2
1
0

USS
UST
SC
Can
AbC

0
3
3
0
-

0
2
1
0
-

Total

13

9

Total

13

9

Total

6

3

Total

6

3

Circle30
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Table 5.17. The number of bats using each of five strata for their first and highest flight observations and the number of bats that displayed
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5.4.8

Flight observations per stratum change
Bats flying in Circle30 of unthinned regrowth made 2-7 stratum changes, while

those in thinned regrowth changed strata 1-5 times. The mean number of flight
observations per stratum change was 2.0 (raw data range 1.2-3.5) in unthinned and 3.7
(raw data range 2.0-15.0) in thinned regrowth. Thinned regrowth had significantly more
flight observations per stratum change than unthinned regrowth (t = -2.996, d.f. = 20, P
= 0.007; Table 5.12).

5.4.9

Number of bouts
In Circle30, there was a mean of 3.6 and 2.4 single-stratum bouts performed in

total by light-tagged bats in unthinned and thinned regrowth, respectively (Table 5.12).
The mean number of single-stratum bouts in five separate strata did not differ
significantly between logging histories (Table 5.12), although there was a trend for
more bouts in unthinned sites (P = 0.088). However, there was a significant difference
among strata (GG P < 0.001). The understorey trees and subcanopy strata had means of
1.3 and 1.2 single-stratum bouts, respectively, which were both significantly higher than
the means for the other strata (Table 5.12). There was no interaction between logging
history and stratum factors.

5.4.10 Duration of bouts
The duration of single-stratum bouts, averaged over all bouts, was significantly
longer in thinned than unthinned regrowth (P = 0.009). Bouts in thinned sites were
about 5 flight observations in length, while those in unthinned regrowth lasted for 2
flight observations (Table 5.12). The mean duration of bouts in Circle30, averaged
within five separate strata, did not differ between logging treatments (Table 5.12) but
did differ significantly among the five strata (GG P < 0.001). Both the understorey trees
and subcanopy strata were host to significantly longer bouts than the other strata, with
mean durations of 3.1 and 2.4, respectively (Table 5.12). Logging history and stratum
factors did not interact. When only bats using both understorey tree and subcanopy
strata were analysed, mean bout duration of the former shortened, while that of the latter
lengthened. However, there was still no significant difference for bout duration between
the two strata (Table 5.12).
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5.4.11 Latency to circle perimeter and rate of movement
For bats that were observed reaching the perimeter of Circle30, the mean time
taken for bats to fly the 30 m distance was 37 sec. in unthinned regrowth and 42 sec. in
thinned regrowth (Table 5.12), but these times were not significantly different (t = 0.567, df = 11, P = 0.582; Table 5.12). The times equate to a mean rate of movement of
0.9 ± 0.4 (SD) m s-1 and 0.8 ± 0.3 m s-1 in unthinned and thinned regrowth, respectively
(t = 0.654, df = 11, P = 0.527; Table 5.12).

5.4.12 Vegetation structure
The vegetation structure in Circle30 of unthinned and thinned regrowth sites
varied greatly, with most measured variables showing a significant difference (Table
5.18). There was significantly more cover in the understorey tree-shrub stratum of
unthinned (10-50%) than of thinned (0-30%) regrowth (P < 0.001) and ground cover in
unthinned regrowth was also greater (P < 0.05). The first to the fourth nearest stem
distances for the canopy were significantly greater in thinned regrowth (thinned: 377936 cm; unthinned: 188-494 cm; P < 0.001). The same pattern was evident for stem
distances in the understorey tree-shrub stratum (thinned: 153-499 cm; unthinned: 56162 cm; P < 0.001). Additionally, canopy height and canopy depth in thinned regrowth
were 25% and 30% greater, respectively, than in unthinned regrowth (P < 0.01). The
subcanopy was also more than 60% deeper in thinned regrowth (P < 0.05). However,
the understorey tree-shrub stratum in thinned regrowth was shallower than that in
unthinned regrowth (P < 0.05). Canopy cover was the only variable that did not differ
between unthinned and thinned regrowth, with values generally lying in the 10-50%
range (Table 5.18).
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Table 5.18. Results of t-tests for individual vegetation variables measured for Study 2,
including the significance level (P) for significant differences, means and 95%
confidence intervals (CIs; shown below the means), in Circle30 of unthinned and
thinned regrowth sites (n = 13 and 9 sites, respectively). Different letters below the CIs
indicate factor levels that differ significantly, with mean values decreasing from a-b.
Cover values are ordinal scores, with increasing values indicating less percentage cover;
nearest stem values are in centimetres; height and vertical gap values are in metres. ns,
no significant difference P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
Logging
P

Unthinned

Thinned

ns

3.5
3.3-3.8

3.9
3.4-4.4

***

3.5
3.2-3.8
b

4.6
4.4-4.9
a

*

3.3
2.9-3.7
b

4.0
3.8-4.3
a

Nearest Can stem - 1st nearest

***

188.5
157.9-225.1
b

377.3
319.9-444.9
a

Nearest Can stem - 2nd nearest

***

274.9
250.8-301.4
b

531.6
457.2-618.0
a

Nearest Can stem - 3rd nearest

***

365.0
329.4-404.4
b

674.4
594.6-764.8
a

Nearest Can stem - 4th nearest

***

494.1
452.1-540.0
b

935.6
847.0-1033.5
a

Nearest UST-S stem - 1st nearest

***

55.8
44.2-70.6
b

152.9
113.0-207.0
a

Nearest UST-S stem - 2nd nearest

***

82.4
69.5-97.8
b

236.8
176.3-318.2
a

Nearest UST-S stem - 3rd nearest

***

104.5
88.0-124.1
b

323.6
250.4-418.2
a

Circle30
Cover - Canopy (Can)

Cover - Understorey tree-shrub (UST-S)

Cover - Ground (G)
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Logging
P

Unthinned

Thinned

Circle30
Nearest UST-S stem - 4th nearest

***

162.5
132.9-198.6
b

498.6
395.8-628.2
a

Height - Can

**

18.9
17.2-20.8
b

23.6
21.6-25.8
a

Depth - Can

**

8.8
7.8-10.0
b

11.4
10.3-12.6
a

Depth - Subcanopy

*

5.7
4.2-7.7
b

9.0
6.7-12.0
a

Depth - UST-S

*

3.6
2.9-4.3
a

2.7
2.1-3.4
b

5.5

Results - Comparison of Studies 1 and 2

5.5.1

Bat flight behaviour
A valid comparison of variables for Circle30 in Studies 1 and 2 is partly

dependent on being confident that few bats in Study 2 encountered the adjacent track
immediately upon exiting Circle30 (see Methods: Section 5.2.6). Despite there being a
high number of bats in unthinned regrowth that were not observed exiting Circle30 at
all, the last observation of 54% of bats in unthinned regrowth and 56% of bats in
thinned regrowth was made in or outside the half of Circle30 furthest from the track,
whilst just 15% and 22% of bats, respectively, were last observed on the track (Table
5.19). Therefore, I am confident that the two studies are broadly comparable.
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Table 5.19. The position of bats released in unthinned and thinned regrowth (Study 2) at
their last observation, in relation to the track and the halves of Circle30 furthest from
and nearest to the track.
Unthinned
Thinned

Furthest half-circle
7
5

Nearest half-circle
1
1

On track
2
2

Not recorded
3
1

Based on an assessment of the overlap of 95% confidence intervals, bats flying in
unthinned regrowth (Study 2) displayed significantly different behaviour for a number
of variables than bats flying in old or young regrowth (Study 1). Conversely, bats in
thinned regrowth (Study 2) showed much more similar behaviour to old and young
regrowth bats, even if this did not differ significantly from unthinned regrowth bats.
Bats in unthinned regrowth behaved differently from bats in old and young regrowth by
using a greater number of strata (stratum breadth; Figure 5.4c) and having fewer flight
observations per stratum change (Figure 5.4m). They also had a larger number of
single-stratum bouts in total (Figure 5.4n) and a larger number of bouts in the
understorey tree stratum (with no difference in other strata; Figure 5.4o), while the
duration of bouts over pooled strata was shorter (Figure 5.4p). Furthermore, for bats that
flew in both understorey tree and subcanopy strata, individuals in unthinned regrowth
had shorter bouts in the subcanopy than those in old and young regrowth (with no
difference for understorey trees; Figure 5.4r). For each of the aforementioned variables,
except the number of bouts in understorey trees (Figure 5.4o), bats in thinned regrowth
showed means that were similar to old and young regrowth or intermediate between
those logging treatments and unthinned regrowth (Figures 5.4c, m, n, p and r). The
confidence intervals of thinned regrowth flight variables were often relatively large and
overlapped those of old and young regrowth for all of these variables, including the
number of bouts in understorey trees (Figures 5.4c, m, n, o, p and r). The confidence
intervals of unthinned regrowth flight variables were small compared with the other
logging histories, especially thinned regrowth, for flight observations per stratum
change (Figure 5.4m), duration of bouts in total (Figure 5.4p) and duration of bouts for
understorey trees and the subcanopy (Figures 5.4q, r).
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The pattern described above, comparing logging histories between studies, was similar
but not significant for stratum use in the subcanopy, with unthinned regrowth bats
showing less use than old and young regrowth bats (Figure 5.4b). For the
understorey/subcanopy log-ratio difference of the stratum selection variable, both old
and young regrowth bats (large overlap with zero; no selection) were close to different
from both unthinned and thinned regrowth (minimal overlap with zero) but the log-ratio
differences for the other stratum pairs did not differ (Figure 5.4d). There was no
difference between inter-study logging treatments for habitat use totalled over strata
(Figure 5.4a), number of horizontal returns (Figure 5.4f), number of vertical returns
(Figure 5.4h), duration of bouts for five strata (Figure 5.4q), latency to the Circle30
perimeter (Figure 5.4s) or the rate of movement across Circle30 (Figure 5.4t).

For the categorical variables, unthinned regrowth bats differed most clearly from those
in old and young regrowth by not displaying return horizontal flight and by more than
half of bats being lost from view before reaching the Circle30 perimeter (Figure 5.4e).
Both unthinned and thinned regrowth bats were more likely to display return vertical
flight (Figure 5.4g) and to fly as low as the understorey tree layer following the change
in vertical direction (Figure 5.4l) than old and young regrowth bats. However, bats in
thinned regrowth were less likely to ascend as far as the canopy at all (Figure 5.4j),
including those that subsequently changed vertical flight direction (Figure 5.4k). Also,
no bats released in unthinned or thinned regrowth flew higher than the understorey tree
stratum for their first flight observation, while at least one-third of bats in old and young
regrowth flew at subcanopy level or higher (Figure 5.4i).
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Figure 5.4. Means and 95% confidence intervals (continuous data), and proportions
(categorical data), for bat flight variables recorded in Circle30 for logging histories in
Study 1—old regrowth (OR) and young regrowth (YR)— and Study 2— unthinned
regrowth (Unthin) and thinned regrowth (Thin). Bat sample sizes are included in the
legend. Variables are: a) number of flight observations in pooled strata, b) stratum use,
c) stratum breadth, d) stratum selection, e) horizontal directness, f) number of horizontal
returns, g) vertical directness, h) number of vertical returns, i) first stratum, j) highest
stratum, k) highest stratum pre-return, l) lowest stratum post-return, m) number of flight
observations per stratum change, n) number of bouts in pooled strata, o) number of
bouts in five strata, p) duration of bouts in pooled strata, q) duration of bouts in five
strata, r) duration of bouts in two strata for bats that flew in both, s) latency to the
Circle30 perimeter, t) rate of movement to Circle30 perimeter.

5.5.2

Vegetation structure
Vegetation variables were compared between logging histories from Studies 1

and 2 using an assessment of the overlap of 95% confidence intervals. Most of the
differences in structure occurred between unthinned regrowth (Study 2) and old and/or
young regrowth (Study 1) forest. The understorey tree-shrub stratum of unthinned
regrowth had a higher percentage cover than the understorey tree stratum of old and
young regrowth and the understorey shrub stratum of young regrowth (Figure 5.5b).
Distances to the first, second, third and fourth nearest canopy stem in unthinned
regrowth were less than those in old and young regrowth (Figures 5.5d-g). Additionally,
distances to the first to the fourth nearest understorey tree-shrub stem in unthinned
regrowth were smaller than the equivalent distances for the understorey tree stratum in
old and young regrowth and the understorey shrub stratum in young regrowth (Figures
5.5h-k). Canopy height, canopy depth and understorey depth (trees and shrubs
combined) were less for unthinned regrowth than old regrowth (Figures 5.5l, m, o).

Thinned regrowth (Study 2) had a lower percentage of ground cover (Figure 5.5c) and
less canopy depth (Figure 5.5m) than old regrowth. The depth of the understorey in
thinned regrowth was less than that in both old and young regrowth (Figure 5.5o).
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Confidence intervals overlapped between inter-study logging treatments for canopy
cover (Figure 5.5a) and subcanopy depth (Figure 5.5n). For structural variables relating
to cover (Figures 5.5a-c) and height or depth (Figures 5.5l, m and o), except subcanopy
depth (Figure 5.5n), both unthinned and thinned regrowth had small confidence
intervals compared with the often large confidence intervals for old and young
regrowth. However, for variables relating to stem distance (Figures 5.5d-k), only
unthinned regrowth had small confidence intervals, while thinned regrowth had means
and confidence intervals closer to those for old and young regrowth.
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Figure 5.5. Means and 95% confidence intervals (CIs) for vegetation structure variables
recorded in Circle30 for logging histories in Study 1—old regrowth (OR) and young
regrowth (YR)— and Study 2— unthinned regrowth (Unthin) and thinned regrowth
(Thin). Upper CI bars with no top have been truncated at their maximum possible value.
Height and depth data for Study 1 were recorded in the year prior to the study. The
graphs for cover and the nearest to fourth nearest stem in the understorey include both
understorey tree (UST) and understorey shrub (USS) data for old and young regrowth,
and understorey tree-shrub (UST-S) data for unthinned and thinned regrowth. The graph
for understorey depth is a measure of the height of the understorey tree stratum in old
and young regrowth and the understorey tree-shrub stratum in unthinned and thinned
regrowth. Variables are: a) canopy cover index, b) understorey cover index, c) ground
cover index, d) distance to nearest canopy stem, e) distance to second nearest canopy
stem, f) distance to third nearest canopy stem, g) distance to fourth nearest canopy stem,
h) distance to nearest understorey stem, i) distance to second nearest understorey stem,
j) distance to third nearest understorey stem, k) distance to fourth nearest understorey
stem, l) canopy height, m) canopy depth, n) subcanopy depth, o) understorey depth.

5.6

Discussion

5.6.1

Overview
This study demonstrates that the flight behaviour of small close edge-space bats

is likely to be influenced by the structure of forest vegetation. As predicted, Vespadelus
vulturnus bats in the relatively open, tall, old and young regrowth forest sites flew most
frequently in the stratum with the least complex clutter, the subcanopy bole zone.
However, contrary to prediction, bats in densely cluttered unthinned regrowth flew over
a larger breadth of strata and changed stratum more frequently than bats in thinned
regrowth, the latter of which was significantly less cluttered for almost all measured
structural variables.

5.6.2

Comparison of vegetation structure within and between studies
In Study 1, there was no significant difference in any vegetation variables

measured for Circle30, although one nearest canopy stem measure (fourth nearest) was
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marginal. Given that old regrowth distances for the first to the fourth nearest canopy
trees were greater than those for young regrowth in an earlier study (Chapter 2), the
current result is somewhat surprising, especially as the more open, thinned young
regrowth sites used in the former study were not used here. Two new young regrowth
sites were used for light-tagging in the current study, which would have contributed
some variability. However, it is likely that there simply was not adequate precision in
the data, given that just five data points were used to obtain site averages for vegetation
variables. Twenty data points were averaged at each site used in Chapter 2 and ten were
used for Cricle50 in this study, the latter resulting in one significant inter-stem
difference for canopy stems. Conversely, subcanopy depth (the bole zone, identical to
the vertical gap between canopy and understorey tree strata; Chapters 2 and 3) did not
differ between old and young regrowth in the current study, whereas old regrowth
subcanopies were deeper in the earlier study. This was most likely the result of the
absence of thinned young regrowth sites in Study 1, which have shallower subcanopies
than young unthinned regrowth (Chapter 3), rather than low precision. A variable not
assessed in the earlier studies (Chapters 2 and 3) was canopy depth, which was
significantly greater in old than young regrowth in the light-tagging sites. The
proportion of the total forest height taken up by the canopy (also known as the live
crown ratio) ranged from 48-60% in old regrowth sites and 45-50% in three young
regrowth sites (Table 5.6) and canopy depth contributed more to the height difference of
the two logging treatments than the depth of any other stratum. Thus, the live crown
ratio, typically used as an indicator of healthier and faster growing trees (e.g. Zarnoch et
al. 2004), was indicative of overall structural differences between old and young
regrowth sites.

Thinning had a strong and consistent effect for most measured vegetation variables in
Study 2. There was less percentage cover in understorey tree-shrub and ground strata,
nearest stem distances for the canopy and understorey were all much greater and the
depth of the subcanopy (bole zone) was also greater in thinned than unthinned sites. For
the latter variable, this is a different result from that obtained when comparing
unthinned and thinned regrowth of greater age in an earlier study (Chapter 3), in which
thinned sites had shallower subcanopies. However, in that study, sites had been thinned
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4-9 years prior to sampling, allowing time for the growth of canopy and understorey
strata. Also, information on the forest structure just after thinning was not available.
Therefore, a direct comparison between the earlier study (Chapter 3) and the current
study is not appropriate. In Study 2, canopy height and depth was greater in thinned,
than unthinned, regrowth. Thinning had been carried out only a short time prior to the
study. Therefore, the most likely explanation for the higher, deeper, canopies in thinned
sites is that most of the remaining trees were retained because of characteristics such as
good crown development and lack of suppression, which are used as indicators of
growth and habitat potential (for use as recruitment trees, for example; New South
Wales Government 1995a). The depth of the understorey tree-shrub stratum was also
reduced in thinned regrowth, possibly as a direct (removal) or indirect (damage) effect
of thinning operations. The reduced understorey depth, together with the increased
height of the canopy both contributed to the deeper bole zone in thinned regrowth.

The canopy cover index was the only variable for which there was no significant
difference between Study 2 logging treatments. This is an unexpected result, given that
canopy stems in thinned regrowth were much more widely spaced than in unthinned
sites. There could be a number of reasons for this outcome. For example, unsuppressed
trees with well-developed crowns might have contributed proportionately more to
canopy cover than trees that were removed. Therefore, if these trees were preferentially
selected for retention during thinning operations, their structure may have buffered
against a sharp reduction in canopy cover. The lack of difference might also have been
related to the index of cover itself, for which each score represented a range of cover
values 10-20% wide. As such, consistent but small differences in canopy cover between
logging histories may not have been detected. Perhaps an important explanation for
their being no difference in canopy cover is that canopy cover in unthinned regrowth
was not high anyway, despite the short distance between canopy stems, and the scope
for further reductions in cover with thinning was limited as a result of this. Site averages
for the canopy cover index in unthinned regrowth only once fell short of 3 and were
usually closer to 4; this means that average values were almost always less than 50%
and often in the vicinity of 30%. The relatively low canopy cover in the densely treed
unthinned regrowth could be at least partially the result of crown shyness, brought about
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by factors such as the abrasion of branches when neighbouring tree crowns collide
under windy conditions (e.g. Meng et al. 2006).

By comparing the vegetation structure of sites between Studies 1 and 2, it is possible to
assess the degree of congruence between regrowth forests resulting from logging
operations of different intensities, and conducted at different times (Study 1: old and
young regrowth, with selective logging carried out further in the past, versus Study 2:
unthinned regrowth, with clear-fell logging conducted relatively recently). Where
unthinned regrowth differed from old and young regrowth, it is also important to assess
whether thinning created a forest structure more closely resembling that of old and
young regrowth and, if so, which variables were responsible for this. For the most part,
unthinned regrowth had a much more cluttered structure than old and young regrowth.
Inter-stem distances for the canopy were smaller in unthinned regrowth (approximate
density: 915 stems/hectare; Table 5.20) than both Study 1 logging histories (237 and
336 stems/hectare; Table 5.20). Similarly, the distance between stems was less and
cover was greater for the understorey tree-shrub stratum of unthinned regrowth than the
equivalent variables for the understorey tree stratum of old and young regrowth and the
understorey shrub stratum of young regrowth (Table 5.20). Additionally, canopy height
and the depths of canopy and understorey strata were smaller in unthinned than old
regrowth and less variable in unthinned than young regrowth. I regard low values of
height and depth as an increase in structural clutter for the purposes of this study
because, like small inter-stem distances and high cover levels, they result in a reduction
of available habitat space for small edge-space bats that might use a forest stand or
stratum. Given the differences in age and intensity of logging in the different types of
regrowth, the above-mentioned results are not surprising (Florence 1996), nor are the
smaller confidence intervals (lower variability) for the majority of unthinned regrowth
variables. The lack of a difference in subcanopy depth between unthinned regrowth and
the Study 1 logging treatments suggests that forests not logged for 25 years or more
may maintain a consistent distance between the canopy and understorey, as these
foliage layers continue to develop.
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Table 5.20. Approximate estimates of stem density per hectare within canopy and
understorey strata for each logging history, based on the mean of the average inter-stem
distance (average of first to fourth nearest distances) for Circle30 and Brower’s (1990)
equation, (density = (100 / distance)2), which assumes that stems are evenly distributed.
Note: estimates of stem density for lower strata include all stems passing through those
strata, including those of taller plants. These density estimates are representative of the
structural clutter faced by bats. They will be higher in value than density estimates for
which only the stems that are the same height as the relevant stratum are included.
Stratum
Study 1
Old regrowth

Young regrowth

Study 2
Unthinned regrowth
Thinned regrowth

Distance (m)

Density

Canopy
Understorey tree
Understorey shrub
Canopy
Understorey tree
Understorey shrub

6.5
4.2
1.7
5.5
4.1
2.1

237
574
3529
336
599
2365

Canopy
Understorey tree-shrub
Canopy
Understorey tree-shrub

3.3
1.0
6.3
3.0

915
9745
252
1089

For most of the variables that differed between unthinned regrowth and one or both of
the Study 1 logging treatments, thinning resulted in reduced structural clutter and values
more similar to those recorded in Study 1 logging treatments. This was the case for
inter-stem distances in canopy (approximate density: 252 stems per hectare; Table 5.20)
and understorey strata (Table 5.20), cover in the understorey, canopy height and canopy
depth. However, for the latter three variables, confidence intervals were much smaller
than their Study 1 counterparts, while those for inter-stem distances were similar. This
suggests that, for cover and height/depth variables with similar means, there was more
variability in old and young regrowth than in thinned regrowth, given their respective
site sample sizes (which contribute to confidence interval width). As individual trees
with particular crown and dominance characteristics are targeted for retention during
thinning operations, rather than equal stem spacing, it is logical that canopy height and
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depth data would be relatively uniform. Ground cover became less cluttered with
thinning, but this represented a move away from the higher ground cover of Study 1
logging treatments. Also, canopy cover and subcanopy depth shifted towards less
cluttered values in thinned regrowth, but confidence intervals still overlapped with all
other logging histories. Conversely, the depth of the understorey was reduced with
thinning and was half of that found in old and young regrowth. Therefore, despite the
increase in inter-stem distance and the reduction in cover in the understorey, there was
less potential vertical understorey habitat in thinned sites compared to Study 1 sites.

5.6.3

Bat flight behaviour in Circle30 of old and young regrowth – Study 1
In Circle30, the flight behaviour of V. vulturnus between old and young

regrowth was statistically indistinguishable (apart from the number of horizontal
returns, which had a small sample size and high variability). On average, bats flew
directly with respect to horizontal and vertical zones, flew in two strata, changed flight
stratum every three or four flight observations and showed similar vertical patterns of
forest use. Those that crossed the Circle30 perimeter did so in 40-45 seconds. Despite
there having been some indication of differences in vegetation structure between old
and young regrowth sites (nearest canopy stems, canopy height, canopy depth), the
observed congruence in flight behaviour between logging histories is not unexpected.
Previous echolocation research in locally occurring forests suggested that the two
highest frequency close edge-space bat species, combined as a guild, were relatively
insensitive to variations in clutter found in older, taller, regrowth (Chapter 2). Direct
observation of flight behaviour confirms that one of those species, V. vulturnus,
complies with the results obtained using acoustic monitoring, at the scale of forest
stand.

In Circle30 of old and young regrowth, bats flew in the subcanopy more commonly than
in all other strata and more often than expected by the relative availability of this
stratum in the forest. The understorey was also selected more often than expected by its
availability, due mostly to flight in the understorey tree stratum. However, the canopy,
which comprised 48-60 % of the depth of the forest, was used less than the subcanopy
and less than expected by its availability. Longer bouts of flight and a common
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occurrence of single and multiple bouts of flight likely both contributed to elevated
activity in the subcanopy. The only obstacles that bats had to negotiate in the subcanopy
were canopy tree trunks separated by an average of 6.5 m (average of first to fourth
nearest stems) and 5.5 m in old and young regrowth, respectively. V.vulturnus has a
wingspan of approximately 20 cm (Table 5.1), less than 5% of these average subcanopy
inter-stem distances; therefore, frequent or tight manoeuvres to avoid obstacles should
not have been necessary. O’Neill and Taylor (1986) described the high degree of agility
displayed by the species while foraging in forests. Furthermore, Rhodes (2002)
predicted V. vulturnus to have medium to high manoeuvrability and agility and slow
flight speed, relative to many other bat species in the same assemblage, based on
measurements of wing morphology. Norberg and Rayner (1987) provide calculations
for the predicted minimum power speed (the speed that uses the minimum amount of
energy to stay in flight for as long as possible) and maximum range speed (the speed
that minimises the energy used per unit of distance flown) for aerial foraging
insectivorous bats. Using these equations (Table 5.1) and the wing morphology
measurements for V. vulturnus provided in Rhodes (2002), I calculated the minimum
power speed to be 3.13 m/s and the maximum range speed to be 4.17 m/s (Table 5.1),
speeds that are lower than those for most other sympatric aerial foragers (Rhodes 2002).
Given these morphological and aerodynamic characteristics, it is unlikely that V.
vulturnus faced substantive flight constraints due to physical clutter in the subcanopy of
old and young regrowth.

The effectiveness of echolocation for orientation or foraging is also unlikely to have
been reduced in the subcanopy of old and young regrowth. Bats with low duty-cycle
echolocation calls alter the design and pattern of emission of their calls to prevent
clutter from interfering with returning echoes. Call adjustments can include an increase
in frequency and bandwidth, a decrease in duration and inter-pulse interval and the use
of strobe groups which intersperse short- and long-interval calls (e.g. Kalko and
Schnitzler 1993, Obrist 1995, Holderied et al. 2006, Petrites et al. 2009). One or more of
these adjustments could act to prevent overlap between outgoing calls and echoes
(Kalko and Schnitzler et al. 1993), correct speed-related focussing errors of call echoes
(Holderied et al. 2006) or combine short-range obstacle avoidance with longer-range
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navigation (Petrites et al. 2009). The following is an example of the suitability of V.
vulturnus echolocation calls with respect to flight in proximity to clutter. Individuals of
the species recorded on forest tracks and clearings produced calls that varied in duration
from 1.7-7.3 ms, with a mean of 4.4 ms (Appendix M). Calls of this species are short
relative to most other co-occurring species with similar shaped calls (Appendix C).
However, the duration of recorded calls could be an underestimate of actual duration
due to atmospheric attenuation of higher frequencies (Griffin 1971) and methodological
factors (e.g. Fenton 2000). Therefore, using the mean (not the minimum) duration as an
approximate guide of clutter tolerance, calls of 4.4 ms would experience overlap with
returning echoes within a distance of 75 cm (the net speed of sound and its echo’s
return, 17 cm/ms, multiplied by call duration in ms; Kalko and Schnitzler 1993), an
example of forward masking (Schnitzler et al. 2003). Hence, when flying in a physically
cluttered environment, the bat should maintain a minimum distance of 75 cm from
obstacles in order to avoid call-echo interference, or acoustic clutter, due to the obstacle.
To detect prey, two types of call-echo interference can occur: forward masking due to
the overlap of calls with echoes from the prey, and backward masking due to the
overlap of echoes from obstacles behind the prey with echoes from the prey (Kalko and
Schnitzler 1993, Schnitzler and Kalko 2001). In this case, a call of 4.4 ms would
experience overlap at a distance of 75 cm in front of the bat and 75cm in front of the
obstacle. Therefore, the bat would need to maintain a distance of more than 1.5 m from
background obstacles in order for an overlap-free zone to exist between forward and
backward masking zones, where prey might be detected (Kalko and Schnitzler 1993,
Schnitzler and Kalko 2001). The call data I have used is limited in replication and may
not include the shortest duration calls that V. vulturnus can produce when flying in very
close proximity to clutter. Also, the overlap zones are only approximate, as factors other
than call duration can influence their size (Schnitzler et al. 2003). However, the example
given demonstrates that, within the open subcanopy of old and young regrowth, this
species should have no difficulty orientating or foraging using echolocation.

Bat flight and foraging activity in the subcanopy (bole zone) of forest, or other treed
habitats, is common in several species of bat, including those with morphology suited to
flight within clutter and those more suited to edge-space (O’Neill and Taylor 1986,
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Aldridge and Rautenbach 1987, Brigham et al. 1997a, Rhodes 1998, Pavey and Burwell
2000). Frequent use of the most open vertical zone within a forest is likely to confer
energetic benefits on V. vulturnus, whereby individual bats can concentrate their efforts
on detecting aerial prey without the need to simultaneously negotiate densely distributed
obstacles (Fenton 1990). It also potentially enables the bats more freedom in their
pursuit of flying prey (e.g. to different heights; Kalko 1995), including those displaying
escape manoeuvres (e.g. Rydell et al. 1997, Ghose et al. 2009). A number of lighttagged bats in old and young regrowth were observed performing dive manoeuvres in
the subcanopy, often several metres in depth, presumably in pursuit of prey. If this
predatory behaviour is relatively successful, it is possible that an adequately open and
deep subcanopy might increase the number and types of prey available to V. vulturnus.

Given that light-tagged bats were translocated from the forest track to their respective
release points, a primary motivating factor in their choice of flight route, apart from
feeding, was likely to be relocation to their usual foraging beats or roosts. Even bats that
were familiar with their release area would have needed to reorientate initially. The first
flight observation for all bats in old and young regrowth was higher than the release
stratum, including more than one-third of bats at subcanopy height or higher. This
suggests that reorientation may be achieved most effectively by initially moving to
higher parts of the forest. The results of previous research suggests that bats can use
vision-mediated orientation (e.g. a sunset-calibrated magnetic compass; Holland et al.
2006) to navigate to their home roost after displacement, although vision-mediated cues
might be more important at a large distance from home and echolocation more
important within familiar habitat close to home (Williams et al. 1966). Generally,
however, navigation in bats is poorly understood (Holland et al. 2007). Although
echolocation may be important for detecting and negotiating obstacles in a familiar
environment (Holland and Waters 2007), the mechanisms for bat orientation and
navigation in unfamiliar habitat within the home range are unknown. Therefore, it is
difficult to predict how bats unfamiliar with the area surrounding the release point might
have been expected to behave and whether this would have differed from the behaviour
of bats simply reorientating within a familiar environment. I suggest that the subcanopy
(bole zone) is the most suitable stratum within old and young regrowth forest for
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facilitating reorientation and/or navigation of bats, for a number of reasons. With only
widely spaced tree trunks to negotiate, bats should be able to fly quickly from place to
place to investigate the surroundings. The low levels of structural clutter in the form of
discrete, slender, objects should also facilitate the use of more far-ranging echolocation
(e.g. longer duration calls: Verboom et al. 1999; higher intensity calls: Surlykke and
Kalko 2008) and vision than in more cluttered strata, and this may improve the
detection of canopy gaps or other distant landmarks. One of the possible reasons that
bats often follow linear features in the landscape is that they function as salient
landmarks or navigational tools (Limpens and Kapteyn 1991, Serra-Cobo et al. 2000).
As such, the high contrast in clutter at the interface between the subcanopy and canopy
strata may provide the most effective and continuous linear-like feature below canopy
height (away from tracks and watercourses) for bats to navigate along. Further research
is required to test the above suggestions.

Bats also flew commonly in the understorey, though not as much as in the subcanopy.
As mentioned above, many bats in the current study may have ascended quickly to the
subcanopy for efficient foraging, reorientation and navigation, subsequent to their time
in captivity and translocation. Alternatively, perhaps the subcanopy was favoured over
the understorey because it increased the escape distance from the releaser. However, as
cover values in the understorey tree stratum were usually less than 30% and mean interstem distances were at least 2 m (nearest) and up to 6 m (fourth nearest), this stratum
should not have precluded flight activity or effective echolocation and may have
provided a suitable alternative to the subcanopy. The results obtained for the
understorey in Study 1 differ from other records of V. vulturnus, in a similar bat
assemblage in Tasmanian forests, where they flew more commonly in the understorey
than other strata (O’Neill and Taylor 1986). However, the observations in that study
were not quantified and were made in a variety of forest types, possibly with variable
vegetation structure. Consequently, it is difficult to compare results.

Contrary to the results obtained for the subcanopy and understorey, bats flew
infrequently in the canopy stratum (canopy tree crowns) of Circle30, in old and young
regrowth. Given the relatively high percentage of cover at this height, which contrasted
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sharply with the low cover values in the subcanopy, this pattern was unsurprising in the
context of structural clutter. Most bats displaying return vertical flight in Circle30
reached the canopy before descending and no bats reaching the above-canopy stratum
through the canopy were observed to return to lower strata. The latter bats may have
relocated by navigating along the upper edge of the canopy, another high-contrast
clutter situation. Indeed, the above-canopy zone of forests could also have been an
important foraging site for the bats, as has been shown in other studies (Kalcounis et al.
1999, Menzel et al. 2005). Bats that were last observed in the canopy, but were within
viewing range, may have remained at this height undetected (in flight or roosting
activity) or exited above the canopy. Therefore, although bats did not appear to use the
canopy frequently, this stratum should serve as an important structural feature in the
forest, potentially acting as an escape route (via canopy gaps) or navigation feature (top
or bottom edges of the canopy crown) for exiting bats, a structural reference point or
boundary for descending bats, or habitat for foraging or roosting bats.

The vertical stratification recorded in this study was different from that in old and young
regrowth as measured by acoustic detectors, where activity by the guild containing V.
vulturnus was concentrated in the subcanopy and canopy (Chapter 2). However, this is
more likely to be an artifact of the different methods used in the different studies. Apart
from the differences associated with using replicate, translocated and tagged, bats, as
opposed to an activity index of free-ranging bats, the present study documented bats
flying within large volumes of the forest and the vertical strata were defined visually
according to the upper or lower edge of the relevant vegetation layers. As an example, it
was almost impossible to confidently judge the distance of a high-flying bat from
vegetation in the near darkness, so all bats flying below the lower edge of the canopy
crown were recorded as flying in the subcanopy, even though they may have been
reacting to the canopy during navigation or foraging activity. Conversely, in the
acoustic study (Chapter 2), I recorded activity from Anabat detectors orientated only
towards gaps in the vegetation. The detectors were positioned at the interfaces of the
different strata, but because these detectors detect some sound from behind and to the
sides of the microphone (Corben 2003b), some overlap between adjacent strata was
likely in the recordings. As such, the canopy detector, which was positioned at the
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bottom of the canopy and pointed into a canopy gap, likely recorded most calls from
canopy gap microhabitats, as well as some calls from the upper subcanopy and the
canopy foliage microhabitat. This may have resulted in an inflated estimate of activity
in the canopy for the acoustic study.

5.6.4

Bat flight behaviour in Circle30 of unthinned and thinned regrowth – Study 2
Vespadelus vulturnus flight behaviour in Circle30 of unthinned and thinned

regrowth was the same for some flight variables but not for others. In general, bats in
both logging histories flew directly with respect to horizontal zones (with only one bat
recrossing the Circle30 perimeter), but a high proportion descended to lower vertical
strata after an initial ascent. Bats in unthinned and thinned regrowth flew most
frequently in understorey tree and subcanopy strata, although the understorey was
selected to a greater degree because it was relatively less available (stratum height
usually <20% of forest height for the understorey, versus usually 30-50% of forest
height for the subcanopy). There were also more flight bouts and longer flight bouts in
these two strata, in both logging classes. Furthermore, bats reached the Circle30
perimeter in similar time, 35-45 seconds. However, bats in unthinned regrowth flew in
three strata and changed flight stratum every two observations, while those in thinned
regrowth flew in two strata, changing flight stratum every three or four observations.

Contrary to my predictions, the subcanopy was not used more by bats in unthinned than
thinned regrowth. In fact, the bulk of flight activity was shared equally between
subcanopy and understorey tree strata in both logging histories. I predicted that the high
clutter levels in unthinned regrowth forest would limit the flight options of light-tagged
bats and compel more individuals to move swiftly to the least cluttered stratum to find
an exit to the forest (either through horizontal search in the subcanopy or through a
canopy gap). All bats flew in the subcanopy, and while only two had reached it in less
than 10 seconds after flight initiation, ten out of thirteen had reached it within 15
seconds, a very consistent outcome. However, bats in unthinned regrowth changed
flight stratum frequently, and therefore did not remain in the subcanopy for extended
periods. Most observed visits upward to the canopy were followed by a descent to lower
strata, suggesting that bats attempted to fly within or through the canopy stratum
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unsuccessfully. The percentage cover in the canopy was relatively low, but the high
density of stems together with the branches and foliage of tree crowns might have
precluded continuous flight at this height if individual gaps within or between crowns
were small.

Indeed, the small inter-stem distances present in all strata may have restricted V.
vulturnus to flying at low flight speeds in unthinned regrowth. The largest distances
between stems were approximately 2 m (nearest) to 5 m (fourth nearest) in the canopy.
The equivalent distances of 0.5 m to 1.5 m in the understorey were much smaller.
Additionally, percentage cover in the understorey was relatively high (10-50%) for that
stratum. Within a particular flight situation (e.g. laboratory, commuting, foraging), bats
will often show reduced speed the closer they fly to structural clutter (Winter 1999,
Schaub and Schnitzler 2007b, Grodzinski et al. 2009), possibly to minimise the chance
of collision. They also reduce flight speed when executing turns, as this decreases the
volume of space required for turning (Aldridge 1987, Jones and Rayner 1988, Winter
1999). By increasing their flight height (and potential energy) while decelerating just
prior to a turn (Rayner and Aldridge 1985), bats can regain any speed lost during the
manoeuvre by losing altitude (converting potential to kinetic energy) immediately
afterwards (Jones and Rayner 1988). However, if bats using continuous flight are not
able to achieve or maintain sufficient flight speed because of the proximity of clutter,
flight could be energetically expensive (if speed falls below the minimum power
velocity, for example; Pennycuick 1968). If the maintenance of low speed becomes
sufficiently costly, thrust and lift forces might not be able to overcome drag forces and,
consequently, the bat will lose height or the ability to fly continuously (Pennycuick
1968). Bats may often fly at speeds higher than the minimum power velocity while
foraging, to increase their rate of prey encounter and maximise their rate of energy gain
relative to power output (Jones and Rayner 1991). If this is the case, bats forced to fly
below the minimum power velocity may have difficulty finding and capturing flying
prey at a sufficiently high rate to overcome the increased energetic requirements of such
low speed. In addition to the energetic concerns, bats in clutter face mechanical flight
constraints. Bats require an appropriate suite of airframe characteristics to enable them
to correct for the changes in speed, height and rotation that occur when they manoeuvre
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within a cluttered environment (Bullen and McKenzie 2001). If they lack the suitable
flight morphology for repeatedly manoeuvring around closely spaced objects, control of
flight paths may be difficult and foraging ability could be reduced. The factors outlined
above could all contribute to explaining the frequent changes of flight stratum, the large
stratum breadth and the failure to fly predominantly in the subcanopy by V. vulturnus in
unthinned regrowth, even though flight over a distance of at least 30 m was achieved by
several bats. It is possible that the infrequent records of V. vulturnus in past surveys of
densely vegetated unthinned regrowth (Glass 1993) were a consequence of avoidance
behaviour, due to the inefficiency of flight and foraging within high levels of clutter.

Bats in thinned regrowth showed more variability in aspects of their flight behaviour
than bats in unthinned regrowth. For example, the duration of bouts and the average
number of observations per stratum change were much less consistent among individual
bats in thinned regrowth. This variability suggests that a wider range of flight options
were available to bats in thinned regrowth, and such a response to the more open
structure of recently thinned forest was unsurprising. However, each bat flew in a mean
of only two strata, which were always adjacent, in comparison to the three strata used
by bats in unthinned sites. Additionally, bats in thinned sites changed stratum less
frequently. Therefore, these features of flight behaviour were less varied in thinned than
in unthinned regrowth. Bats in thinned forest were not confined by dense structural
clutter, so should have been better able to manage their flight paths. If this was the case,
bats may have moderated stratum breadth to achieve an optimal use of energy or
increase their rate of horizontal movement across the landscape.

The interesting aspect of the flight behaviour of V. vulturnus in thinned regrowth is that
it almost never attained canopy height and it did not appear to maximise its use of the
most open forest stratum, the subcanopy. The subcanopy was usually two to three times
deeper than the understorey, yet bats were observed in the subcanopy and understorey
tree layers with similar regularity. A possible reason for this is that canopy cover was
very sparse and may have lacked continuity due to the removal of many canopy stems.
As such, it might not have been perceived by the bats as an attractive feature for
navigational or foraging purposes. Also, the lack of vegetation cover may have raised
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the bats’ level of perceived threat from visual predators (e.g. Rodriguez-Durán and
Lewis 1985). This cannot be discounted even though light-tagging was not conducted
during daylight hours (Speakman 1991) or on nights around full moon (Fenton et al.
1977), times when predation risk could be highest. Russo et al. (2007) found that
barbastelle bats roosting in open habitat emerged later than those roosting under closed
canopies, after the effect of light was removed. They interpreted this pattern as a likely
response to increased predation risk in open habitat. With few clutter constraints in the
lower strata of my thinned sites, bats may not have been compelled to fly primarily in
the bole zone or exit the forest via the canopy. Indeed, the ground might have been a
more reliable linear navigational tool for guidance, given the low percentage cover of
the understorey vegetation. The preference shown by bats for the understorey in thinned
regrowth is comparable to the behaviour of small bats during commuting flight. Visual
observations from a number of studies show that commuting edge- and clutter-adapted
species fly at low height, clutter permitting, whether they are crossing open areas
(Fellers and Pierson 2002, Russell et al. 2009) or following linear landscape features
(e.g. trees, buildings) of varying heights (Verboom and Spoelstra 1999, Schaub and
Schnitzler 2007b). On the other hand, small bats that forage in relatively open wooded
areas are frequently observed to forage over a wider range of heights, including around
the crowns of trees (Dwyer 1965, Fenton et al. 1977, Racey and Swift 1985, Verboom
and Spoelstra 1999). As only one V. vulturnus individual returned to Circle30 after
leaving it, I assume that my recently thinned sites were not high quality foraging habitat
(relative to potential risks), or that bats were unfamiliar with the sites and primarily
interested in finding familiar habitat. Activity by small bats has been shown to be low in
recently thinned or cleared forest (Glass 1993, Hogberg et al. 2002, Patriquin and
Barclay 2003), suggesting that either of these situations could be the case. However, the
flight paths of the bats from the release point to the perimeter commonly featured large
changes in direction (personal observation). Therefore, I suggest that the equal use of
subcanopy and understorey strata combined guidance and predator avoidance at low
heights with search behaviour for landmarks or prey at higher heights. It is unlikely that
a similar strategy was used by bats in unthinned regrowth. Here, the high levels of
clutter likely reduced the bats’ perceived threat level from predators, as well as their
ability to maintain flight close to the ground.
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My prediction that bats in unthinned regrowth would take longer to cross the Circle30
perimeter than bats in thinned regrowth was not substantiated. Despite their use of direct
horizontal flight, bats in neither habitat commonly flew in straight lines for any distance
(personal observation). Possible reasons for this include clutter avoidance (more likely
in unthinned regrowth), search behaviour, foraging activity or a response to perceived
predator threat (more likely in thinned regrowth). The logging treatments could have
affected the speed, length and tortuosity of flight paths within Circle30 in different
ways, possibly confounding the results obtained for latency. These variables could not
be measured in this study. Furthermore, it is unlikely that small vertical flight deviations
spanning more than one stratum (e.g. foraging dives) were adequately represented in my
5-second-interval observations, because they occurred quickly and bats would
sometimes resume their original height subsequent to such a manoeuvre (personal
observation). It would be interesting to test whether similar horizontal rates of
movement occurred between cluttered and open habitats because of similar speed,
length and tortuosity of flight paths, or because of various tradeoffs among them.

5.6.5

Comparison of bat behaviour between studies
The assessment of bat flight behaviour in logging history categories between

Studies 1 and 2, for which data collection was conducted in consecutive years, is made
with caution. It is, nonetheless, a conservative assessment given that it is based on nonoverlap of 95% confidence intervals. As for the comparisons made within studies, the
purpose of the inter-study comparison is to generate hypotheses, rather than draw
conclusions about the natural behaviour of bats in different logging treatments.

Unthinned regrowth was the most cluttered of the four logging classes, having smaller
inter-stem distances and greater understorey cover than the other habitats, less total
height and canopy depth than old regrowth and thinned regrowth, and less understorey
depth than old regrowth. Thinned regrowth, on the other hand, had the most open
structure in terms of the number of variables with high (open) values. Percentage cover
values were all low (high cover index values) and inter-stem distances were all high,
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regardless of stratum. Additionally, the subcanopy in thinned sites was relatively,
though not significantly, deep.

Thinned regrowth differed from old and young regrowth only by having more
consistently open percentage cover values for the canopy and ground strata and by
having shallower canopy and understorey strata. Perhaps it is these differences that
resulted in bat behaviour in thinned regrowth being intermediate between that displayed
in unthinned regrowth and that displayed in old and young regrowth. Like bats in old
and young regrowth, bats in thinned regrowth flew in fewer strata, changed flight
stratum less often, performed fewer single-stratum bouts in total and had longer average
bout lengths, than bats in unthinned regrowth. However, like bats in unthinned
regrowth, bats in thinned sites used the subcanopy less, used and selected the
understorey more, had more flight bouts in the understorey and were more likely to
display vertical return flight, than bats in old and young regrowth. Bats in thinned
regrowth thus displayed similar steady, vertically conservative, coarse flight patterns as
bats in older regrowth, suggesting a high level of flight path control. However, the
vertical position of their flight paths was shifted downwards relative to bats in older
regrowth. Unlike vertical stratification in unthinned regrowth, however, bats in thinned
sites were restricted to subcanopy and understorey layers, suggesting avoidance of the
canopy and higher zones. As discussed in Section 5.6.4, the very open structure of the
canopy, coupled with little vegetation closer to the ground, may have constituted poor
quality foraging habitat and compelled bats to fly lower for the purposes of navigation
or predator avoidance. If this was the case, there are potential implications for the utility
of thinning dense regrowth with respect to the conservation of bats in harvested forests.
However, further research is required to determine the importance of structural features,
such as tree crowns, to the activity of small bats, and to assess structural effects in
relation to prey availability and perceived predator threats.

5.6.6

Influence of arena size on bat flight - Study 1
It should be emphasised that the flight data collected for Circle30 was a subset

of that collected for the same bats in Circle50. For old and young regrowth sites, there
were few differences in the flight behaviour of light-tagged bats between the small and
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large observation circles. In Circle50, there were relatively more single-stratum bouts in
the understorey tree stratum (pooling logging histories) than in Circle30, meaning that
subcanopy and understorey tree strata were visited at similar rates, and more often than
other strata. Also in Circle50, three times as many bats returned to lower strata in young
regrowth than old regrowth; the number of bats doing this in Circle30 did not vary
between logging histories. The pattern of return vertical flight in Circle50 also shifted
downwards in height, for both logging classes. More bats descended from the
subcanopy, not just the canopy, and more bats descended as far as the understorey trees,
not just the subcanopy.

These results indicate that the larger Circle50 dataset incorporated more variability in
flight behaviour and that bats were more active in the understorey tree stratum,
compared to Circle30. However, stratum use and the duration of bouts in the subcanopy
had the highest values of any stratum in both Circle30 and Circle50. Indeed, stratum
selection was strongest for the subcanopy in Circle50, whereas the subcanopy and
understorey trees were selected equally in Circle30. Also, bats still used two strata on
average, regardless of circle or logging treatment. Therefore, the overall pattern of flight
behaviour in relation to vertical strata (subcanopy dominant) was reinforced with the
larger dataset obtained for Circle50. However, given that the number of bats lost from
view before crossing the Circle50 perimeter was double that recorded for Circle30, the
Circle30 data set might be considered more reliable.

5.6.7

Future research and hypotheses
The results of my studies indicate that Vespadelus vulturnus (a small bat with

high-frequency echolocation calls suited to edge foraging) displays different flight
behaviours and different patterns of vertical stratification in forests of different
structure, after a small-scale translocation. In particular, flight in regrowth forest with
high stem density (unthinned regrowth) was characterised by the use of more strata,
more frequent changes of flight stratum and reduced use of the subcanopy per bat,
compared with flight in older regrowth forests with more distance between their stems
(old and young regrowth). Furthermore, no bats returned to the observation circle of
unthinned sites after exiting. A previous study, in which free-flying V. vulturnus
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displayed low activity in slightly denser regrowth than this study (Glass 1993), led to
my assumption that light-tagged bats may not be familiar with unthinned regrowth sites,
whether they were precluded from flying in them or not. Given the unexpected pattern
of flight behaviour observed in unthinned regrowth, I suggest that bats probably
experienced some difficulty flying within this habitat. It is important, however, to
determine the reasons for the different flight behaviour and assess whether such
behaviour constitutes energetically costly activity that the species would normally
avoid.

Thinning results in forest structure that is likely to change rapidly, as changes in light
and nutrient availability influence the growth of both canopy and understorey vegetation
(e.g. Bailey and Tappeiner 1998, Medhurst et al. 2001). Therefore, any impacts of
thinning on bat flight behaviour may be relatively transient. However, the results
obtained for light-tagged bats in thinned sites provide an interesting contrast to those for
both the unthinned sites, and the old and young regrowth sites of Study 1. It will be
important to determine the degree to which the open structure of thinned regrowth
affects the vertical use of strata when familiarity effects are controlled for. The removal
of familiarity effects is important for all logging histories but especially for thinned
regrowth. If bats were largely unfamiliar with recently thinned regrowth as past surveys
indicate, their response to being released in this habitat may have been one primarily of
relocation. However, given the many potential flight paths available to bats in thinned
regrowth, such a response may have masked any clutter effects.

The distribution and abundance of prey may also have affected the flight patterns of
bats, at least in open habitats. In my acoustic study of older regrowth forests, the density
of flying prey was highest, but the activity of small bats was lowest, in the cluttered
understorey. In these forests, bat activity was only related to insect abundance in the
most open sampling microsites (Chapter 2). Similarly, a study carried out in harvested
forests in Canada (Grindal and Brigham 1999) showed that both foraging activity by
bats and insect biomass were low in the centre of cleared areas (cutblocks) relative to
forest/cutblock edges, although foraging rates did not differ between the two.
Conversely, in the structurally cluttered adjacent forest, bat foraging activity and
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foraging rates were low, although insect biomass was high (Grindal and Brigham 1999).
I have already discussed the observations of light-tagged bats foraging in the subcanopy
of old and young regrowth. In thinned regrowth, no obvious foraging movements (e.g.
dives) were noted, although some foraging may have taken place. However, the recent
thinning activity resulted in all strata being left with an open structure, not a feature of
other forest types I sampled. Therefore, the abundance of flying insects might have been
different from other forests and I do not assume that insect abundance was highest in the
understorey, despite the bats having selected this stratum the most. Future studies of the
effect of clutter on sustained bat flight should account for prey abundance (Brigham et
al. 1997b, Wund 2005). I doubt that insect abundance influenced the flight of V.
vulturnus in unthinned regrowth sites, given the high level of structural clutter. No
obvious foraging attempts were noted in this habitat. Some bat species are known to
alter their foraging strategy to suit prevailing conditions (Ratcliffe and Dawson 2003,
Todd and Waters 2007), but there were no observations of light-tagged V.vulturnus
using alternative foraging methods, such as gleaning.

In order for future research on sustained bat flight in cluttered habitats to control for
familiarity effects, bats could be trapped and released in the same habitat. Trapping in
rarely used habitats, such as dense regrowth and recently thinned forest is likely to be
extremely time-consuming, however. Conversely, trapping and testing bats on linear
landscape features such as tracks would likely result in different flight behaviour and
vertical distribution from that inside the forest (Chapter 2). One solution would be to
manipulate the structural clutter on a forest flyway, such as a track or forest edge, as
was done in an acoustic monitoring experiment by Brigham et al. (1997b). Although
logistically difficult, this would solve the problem of habitat familiarity, in that only
bats using the flyway naturally would be tested, either in undisturbed flight, or after
trapping and release. This has been done on a small-scale for free-flying bats using a
commuting corridor, where an obstacle was used to narrow the corridor in steps, while
the species continuing or discontinuing use of the corridor were recorded (M. Holderied,
personal communication). However, I am not aware of it being done on a large scale.
The Brigham et al. (1997b) set-up was large, but visual observations of bat flight paths
were not recorded, thus making interpretation of the acoustic results difficult. The
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alternative to experimental field studies would be laboratory-based studies, where
familiarity could be controlled even further. However, large observation arenas would
be needed to measure sustained flight, and laboratories of this scale do not appear to
have been used to measure bat flight and may present logistical difficulties. The
methods suggested above for controlling familiarity could also help to control for
factors such as insect abundance, as at least spatial variability would be removed. Insect
abundance should be monitored, however, to control for possible temporal variation
during a study. These studies would also benefit by controlling for bat age and, possibly
mass (which can vary seasonally).

Future research into the effects of structural clutter on sustained bat flight should
endeavour to incorporate more detailed measurements of flight paths, including their
proximity to clutter, into the dataset. Current technology allows this to be done on
relatively small scales (e.g. Rayner and Aldridge 1985, Surlykke and Moss 2000,
Holderied et al. 2006, Jones and Holderied 2007, Schaub and Schnitzler 2007b). The
challenge will be to design experiments or other empirical studies that balance our need
to understand the flight ecology of bats in natural settings with the inevitable constraints
of research budgets.

Based on my light-tagging studies and other relevant research, I put forward a number
of hypotheses for future testing. In these hypotheses, the term ‘dense forest’ refers to
forest with similar stem density as my unthinned sites, having an average stem
separation of 3 m in the canopy and 1 m in the understorey. The term ‘open forest’
refers to forest with similar stem density as my old, young and thinned regrowth sites,
having an average stem separation of more than 5.5 m in the canopy and more than 3 m
in the understorey tree stratum (or understorey tree-shrub stratum if trees and shrubs are
not in separate layers). The hypotheses are set out below.

(1) The bole zone of open forest will be a focal point for commuting and foraging
activity by small edge-space bats, provided that the crowns of canopy trees afford
sufficient cover. In open forest with consistently low canopy cover, the vertical use of
space by small bats will depend on whether the habitat is used primarily for commuting
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or also for other activities. Commuting bats in such habitat will use the ground for
navigational guidance. Foraging bats will be active at low heights and around tree
crowns. Roosting bats will be active around specific trees.

(2) Small edge-space bats will avoid the interior of dense forest, regardless of the
availability of more open forest in the surrounding landscape. The use of dense forest
will be restricted to continuous linear spaces such as tracks, riparian zones and
(possibly) the upper edge of tree crowns.

(3) Small edge-space bats flying in dense structural clutter (similar to dense forest), will
have difficulty maintaining a preferred flight speed and controlling their flight paths,
particularly flight altitude.

(4) Small edge-space bats flying in dense structural clutter will have difficulty pursuing
and capturing volant prey due to the presence of obstacles and poor bat flight control.

(5) Small edge-space bats flying in dense structural clutter will incur a net energy loss,
due to the high power requirements of slow flight and an inability to forage efficiently.

(6) In a given area of dense forest, small edge-space bats will have flight paths with
consistently slow flight speed, high tortuosity at a fine scale (to avoid stems and other
clutter), low tortuosity at a coarser scale (larger-angled changes in direction) and
relatively short path lengths. Small bats in comparatively open forest with suitable
foraging habitat will have flight paths with a wide range of context-dependent flight
speeds, low fine-scale tortuosity in search flight, high fine-scale tortuosity while
actively foraging, variable coarse-scale tortuosity, and a wide range of path lengths. In
open forest with suboptimal foraging habitat, the flight paths of small bats will have, on
average, higher flight speeds, shorter path lengths and fewer foraging manoeuvres than
those of bats in similar forest with suitable foraging habitat.
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Chapter 6
Effect of lights on activity levels of forest bats: increasing the efficiency
of surveys and species identification
Publication: Adams, M. D., Law, B. S. and French, K. O. 2005. Effect of lights on
activity levels of forest bats: increasing the efficiency of surveys and species
identification. Wildlife Research 32: 173-182.

6.1

Introduction
In surveys designed to inventory a local or regional bat (Microchiroptera) fauna,

the use of ultrasonic detection devices to record the echolocation calls of flying bats has
become increasingly popular. Several studies have recognised the usefulness of
detectors for obtaining a more complete picture of bat community composition,
particularly in combination with other survey methods (Schulz and de Oliveira 1995,
Mills et al. 1996, O’Farrell and Gannon 1999). Ultrasonic detectors often record bats
flying above the height of harp traps or mist nets (O’Farrell and Gannon 1999).
However, like all survey methods, detectors have their biases. They are less likely to
record species with high-frequency or low-intensity calls, which would need to fly
closer to the detector than other bats to have their calls registered (Griffin 1971, Waters
and Jones 1995).

Bat passes (ultrasonic pulse or call sequences) that are successfully recorded using
detectors are not always identifiable to species level. Often, two or more locally
occurring species produce calls that overlap in certain properties (e.g. frequency or
shape) and recorded sequences displaying these shared features are typically assigned to
a multi-species group. This problem can sometimes be resolved if recorded passes are of
high quality and long enough duration to enable detection of a call feature peculiar to
one of the species. For example, in locations where their calls overlap in frequency, the
little forest bat (Vespadelus vulturnus) and chocolate wattled bat (Chalinolobus morio)
may be distinguishable by pulses typically displaying either up-sweeping (V. vulturnus)
or down-sweeping (C. morio) tails (Reinhold et al. 2001a). It is common however for
recordings to contain many passes that are short, fragmentary (O’Farrell et al. 1999) or
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show variation among pulses, often rendering such species unidentifiable. This problem
also applies to species with normally distinctive calls, although to a lesser degree.

Low identification rates from recordings are compounded by the preference commonly
shown for only one type of bat call held in reference collections, search phase calls
recorded in relatively uncluttered surroundings (e.g. Jones and Corben 1993, Corben
1997, de Oliveira 1998). In addition, detectors only monitor a limited volume of air
space at a site and the success of ultrasonic recording techniques rests heavily on
favourable weather conditions, the reliability of equipment, battery life, and, until
recently, the length of audio tapes (Hayes 2000). These types of problems can mean that
relatively large sampling efforts are unlikely to result in adequate species inventories,
especially for uncommon (and perhaps threatened) species, a dilemma with implications
for bat conservation. In the absence of reference libraries that categorise the full range
of bat call types (searching, foraging, social, cluttered vs. uncluttered surroundings, etc.)
for each species (Corben 2003a), improvements to ultrasonic bat survey techniques may
be achieved by increasing the amount of search phase activity within detector range.

One method that could be used to attract and maintain high bat activity levels around a
detector is the creation of an aggregation of insects, using lights. Several studies have
described the exploitation of insect swarms around lights by bats. These observations,
usually involving mercury vapour streetlamps or black (ultraviolet) lights, have
previously been made in largely uncluttered urban, residential, rural, and desert sites
(Fenton and Morris 1976, Bell 1980, Geggie and Fenton 1985, Rydell 1992, Blake et al.
1994, Rydell and Racey 1995, Hickey and Fenton 1996, Kirsten and Klomp 1998).
There is also some indication that bats may be attracted to insects concentrated at lights
in a forest setting (Bell 1980, Sleep and Brigham 2003), where management-based bat
surveys are often conducted (Law 1996). However, the relative effect of lights on the
search phase activity levels of a community of bats using forest sites has not been
evaluated.

Increased bat activity due to the accumulation of insects around lights may also result in
elevated levels of foraging, relative to search phase activity. This could mean that the
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proportion of bat passes identifiable to species level is reduced, rather than maintained
or increased. Other potential effects of increased bat activity that may confound species
detection or identification are changes in call frequencies when conspecifics (Miller and
Degn 1981, O’Farrell et al. 1999) or bats of different species are flying in the same area
and competitive exclusion of one or more bat species by others (Rydell 1992). In
addition, some bats may simply be deterred by lights (Rydell and Racey 1995), making
them less likely to be recorded at lit sites. However, the occurrence of these events and
their impact on the identification of species is not easy to predict. For example, feeding
activity is often accompanied by search phase calls within individual bat passes and,
therefore, we should not assume that increased feeding activity will diminish
identification capabilities, especially if increased total activity is reflected in longer
sequences of calls.

The primary aim of my study was to determine the effects of insect-attracting lights on
activity levels and foraging rates of bats in south-eastern Australian forests managed for
the dual aim of silviculture and conservation. Emphasis was placed on four relatively
active guilds of bats, grouped according to similar echolocation call design. I predicted
that bats would increase both their total and feeding activity levels around lights,
provided that the benefits of doing so were not outweighed by any increased perceived
risk of predation. My secondary aim was to determine whether surveys undertaken in
association with lights could identify the bat community more successfully than surveys
conducted away from lights. I predicted that an increase in activity around lights would
increase the absolute number of bat passes identified to species and the rate of
identification of species. I also predicted that, for each echolocation call guild, increased
activity would give rise to longer sequences of pulses that would in turn result in a
larger proportion of passes being identified to species.

6.2

Methods

6.2.1

Study site description
The study was conducted at nine sites within a 14-km radius of Kioloa (35º32’S

150º22’E), on the south coast of New South Wales (NSW), Australia (for site
coordinates, see Appendix A). The sites were dominated or co-dominated by spotted
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gum (Corymbia maculata), with canopy trees 25-35 m in height. All sites had been
under State Forests (silviculture) tenure at some time and comprised regrowth of various
ages.

6.2.2

Data collection
I undertook sampling between 23 January and 17 April 2001. Each site was

sampled for two nights, usually consecutive, but sometimes separated by three or four
days (three sites).

Black light insect traps (Australian Entomological Supplies P/L, Bangalow, Australia)
were used to attract insects (Muirhead-Thomson 1991). The light source of each trap
was an NEC 8-watt fluorescent tube (FL8BL), emitting mainly near ultraviolet (300-400
nm) light, and powered with a 12-volt battery. The tube was positioned vertically and
three perspex baffles, set 60˚ apart, radiated outwards from close to the tube as
interception surfaces. The tube and vanes stood in a funnel, which sat at the top of the
collection container, a plastic bucket. Octopus straps (bungee cords) secured the top of
the trap to the bucket. The killing agent was dichlorvos, contained in a single pest strip
in the bucket. Torn-up sections of egg box and paper were also placed in the bucket to
provide hiding places for insects. The entire light trap set-up was contained in a large
plastic black box. Although most of the fluorescent tube protruded from the box, its
light was largely shielded from view from below by the box. I set three light traps in a
vertical array on the edge of a track running through each of the nine sites. One trap was
placed on a box 0.3 m above the ground. The other two were suspended on ropes
(attached to the black box) from branches above the ground trap, one in the subcanopy
(just above the understorey canopy layer, 5.5–11.5 m high) and one in the lower part of
the upper canopy, positioned below a canopy gap (11.5–24.5 m high). Viewed from
ground level at night, the lights were rarely visible to the human eye at a distance of >50
m and never at >100 m, due to the forested environment, hilly terrain and absence of
very long straight sections of track. Therefore, I assumed that bats recorded during the
study were residents that had not been attracted from a great distance.
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I avoided sampling during the one-week periods either side of a full moon to maximise
the attractant properties of the light traps to insects (Bowden 1982, Yela and Holyoak
1997) and to reduce the possible influence (direct or indirect) of moonlight on bat
activity (e.g. Reith 1982, Hecker and Brigham 1999). Lights were activated up to 30
minutes before sunset to ensure crepuscular bat activity was captured. Timers connected
to the traps were set to alternate the power supply to the lights on and off for one-hour
periods. This alternation addressed sampling concerns in concurrent studies (Chapters 2
and 3) and did not represent the main unlit/lit comparison in this study. However, it was
used as an additional means to compare lights-on and lights-off time periods at the lit
point. Sampling continued for three hours (first and third hours lights-on, second hour
lights-off), after which I retrieved the traps to collect the insect catch for the
aforementioned concurrent study. Traps were then returned to their positions and
reactivated to the on-off light cycle for the rest of the night, with one more interruption
for insect catch collection, 2.5 hours before sunrise. Sampling was completed 30
minutes after sunrise.

One automatic ultrasonic detection system, consisting of an Anabat II (Titley
Electronics, Ballina, Australia) bat detector, delay switch and Optimus audio tape
recorder with 120-minute cassette (60 min per side), was used to record bat calls along
with the time of detection. The division ratio of the detector was set at 16. The detector
system was placed on the ground, with the microphone pointed upwards at 90º to the
ground to detect bat calls as high into the forest as possible. Recording was commenced
with my first activation of the lights and continued throughout the night or until the
audio tape was full.

On the second night of sampling, I moved the vertical array of light traps along the
track, 20-60 m from the first night’s position. However, for both sampling nights, the
bat detector was placed at only one of the two locations. The choice of detector location
was random, to reduce the possible bias of bats becoming accustomed to the presence of
lights after one night of sampling. Therefore, on either the first or second night the
detector sampled the vertical air space around the light traps (positioned 1 m from the
ground trap) and on the other night it sampled an equivalent air space without lights.
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Although logistical constraints prevented simultaneous sampling of unlit and lit points,
recordings made during the concurrent study yielded no significant difference in mean
bat activity levels between sampling nights at unlit points in a site (P > 0.50,
unpublished data).

Anabat 6 and Analook (Version 4.8f) bat call analysis software were used to display and
identify bat calls to species or species group. I recorded the number of bat passes and
the number of feeding buzzes (Griffin 1958) within each pass. I grouped categorised
passes into four echolocation call guilds: Open Space (OS), Edge Space Low (ESL),
Edge Space Medium (ESM), and Edge Space High (ESH). Bats with unique, easily
identifiable, calls (only two or three pulses required) were not placed into guilds for
further analysis, nor were those bats recorded at very low activity levels. Gould’s longeared bat (Nyctophilus gouldi) and the lesser long-eared bat (N. geoffroyi) were classed
as one taxon (‘Nyctophilus spp.’) in this study, as the two are currently indistinguishable
by their echolocation calls, using Anabat software, and use similar microhabitats when
in flight (Brigham et al. 1997a). See Section 2.2.2 for further information about bat call
analysis and echolocation call guilds and Appendix B for the call identification key.

6.2.3

Statistical analysis
For descriptive comparisons of activity levels at unlit and lit points, only those

calls recorded after sunset and up until the shortest sampling period of each unlit/lit pair
were considered, to account for tapes filling at different times and to standardise site
sample periods. Data from the nine sites were then pooled.

For statistical comparisons of activity levels and proportion of passes identified to
species at unlit and lit points, I used calls recorded from the actual beginning of
sampling (i.e. when the lights were first activated). This enabled an analysis of the
effect of the lights in terms of their on/off cycle. Paired t-tests were conducted on logtransformed data to compare the mean number of all bat passes (bat activity), mean
number of feeding buzzes per pass (foraging/feeding activity or feeding rates) and mean
proportion of passes identified to species level at unlit and lit points. These comparisons
were made for each of the first, second and third sampling hours separately. Where data
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were adequate, comparisons were undertaken for each guild. I also compared mean time
after sunset to each of the first to the fifth identified species for unlit and lit points, using
Student t-tests on log-transformed data.

For descriptive and statistical analysis of the number of species and number of species
passes at unlit and lit points, I treated the data as if they represented a species inventory.
Therefore, no adjustments were made to sampling times and all recorded passes were
considered. The number of pulses per pass was counted for all OS and ESL bat passes.
For each of the more active ESM and ESH guilds, 200 passes (100 each from unlit and
lit points) were selected to count pulses. These passes were taken proportionally from
each sample, according to the relative activity of either guild in the sample, and choice
within each sample was random. Kolmogorov-Smirnov 2-sample tests (Sokal and Rohlf
1995) were used to compare the distributions of pass lengths (number of ultrasonic
pulses) for each of the four guilds at unlit and lit points. Pass length data were pooled
for unlit and lit points to test the association between the number of pulses in a pass and
identification of a pass to species level, using a chi-square analysis. Alpha levels of 0.05
were used for all statistical tests. Where data were log-transformed for analysis, I
present back-transformed means and 95% confidence intervals, the latter of which will
be asymmetrical.

6.3

Results

6.3.1

Commencement of bat activity
On all but two sampling nights, first bat activity was recorded after sunset (range

= 9 min before sunset - 27 min after sunset). The mean post-sunset time to the first
recorded bat pass was 12.9 minutes (± 10.8 min [SD], n = 18). Time to first bat activity
did not differ significantly between lit and unlit samples (t = 0.09, d.f. = 8, P > 0.50),
nor did it vary depending on whether a sample was taken on the first or second night of
recording (t = 0.48, d.f. = 8, P > 0.50).
6.3.2

Activity levels
Bat activity levels were high, particularly at lit points. Tapes at two-thirds of the

lit points were filled with bat calls before the night’s sampling was finished, compared
with only one-third of tapes at unlit points. Bat activity varied over the duration of the
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study. In particular, activity in the last three sites to be sampled (in mid-autumn) was
relatively low and not obviously influenced by lights.

In total, I recorded 829 passes at unlit and 1,956 at lit points. In the first and second
hours of sampling (lights-on in semi-darkness and lights-off in full darkness,
respectively), mean bat activity was identical at unlit and lit points (first hour: t = 0.11,
d.f. = 8, P > 0.50; second hour: t = 0.72, d.f. = 8, P > 0.20; Figure 6.1a). However, in
the third hour (lights-on in full darkness), activity was significantly higher (five-fold) at
lit points (t = 4.13, d.f. = 7, P < 0.005; Figure 6.1a).

Similarly, feeding rates in pooled lit samples were more than triple those without lights
(0.21 and 0.06 buzzes/pass, respectively). However, it was only in the third hour that
mean buzzes/pass were significantly higher at lit points, with two buzzes recorded for
every 10 passes, compared with a rate of seven buzzes for every 1,000 passes away
from the lights (first: t = 0.37, d.f. = 8, P > 0.50; second: t = 1.40, d.f. = 8, P > 0.10;
third: t = 3.04, d.f. = 7, P < 0.02; Figure 6.1b).
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Figure 6.1. Mean number (and 95% confidence intervals) of a) passes, and b) feeding
buzzes per pass, at unlit and lit points, for the 1st, 2nd, and 3rd hours of sampling (n =
9, 1st and 2nd hours; n = 8, 3rd hour). Shaded bars, unlit; open bars, lit.
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6.3.3

Activity of guilds

Using pooled data, ESM and ESH bats exhibited the highest activity levels at lit
points (1,016 and 646 passes, respectively), which were 2.7 and 1.8 times the amount of
activity at unlit points. There were no significant differences between the mean number
of passes at unlit and lit points in the first and second hours for ESM bats (mean range
2.4 -2.8) or ESH bats (mean range 2.5-4.1) (P > 0.50 for both guilds and hours),
reflecting the result for all bat activity. In the third hour, the mean number of passes for
ESM bats was 2.4 at unlit points (95% confidence intervals = 0.1–11.4) and 14.9 at lit
points (2.2–77.2) (t = 2.72, d.f. = 7, P < 0.05). Mean activity levels for ESH bats were
also significantly higher at lit points in the third hour (t = 3.77, d.f. = 7, P < 0.01), with
levels varying from 1.1 (0.1–3.2) to 8.7 (2.0–30.6).

OS and ESL bats exhibited considerably lower activity levels around lights than the
other two guilds (124 and 129 passes, respectively); however, these were 2.9 and 10.8
times higher than levels recorded without lights. Feeding activity was dominated by
ESM and ESH bats, and was higher at lit points, while very few feeding buzzes were
recorded for the other two guilds. Due to small sample sizes and high variability, the
mean number of passes for OS and ESL bats were not statistically analysed, nor were
feeding rates for any of the guilds.

6.3.4

Species identified
The number of species identified per night ranged from 1–6 at unlit points and

1–9 at lit points. Regardless of the order of sampling unlit and lit points at a site, I
identified additional species on the second sampling night for seven of the nine
replicates. Thirteen bat species, including the Nyctophilus spp. group, were identified
across all samples (Table 6.1). Nine species were common to both unlit and lit samples,
while the yellow-bellied sheathtail bat Saccolaimus flaviventris, Mormopterus sp. 2, and
the greater broad-nosed bat Scoteanax rueppellii were identified only in lit samples and
Nyctophilus spp. only in unlit samples. The number of identifications was noticeably
greater at lit points for the large forest bat V. darlingtoni, V. vulturnus, Gould’s wattled
bat C. gouldii, the eastern broad-nosed bat S. orion, and the eastern falsistrelle
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Falsistrellus tasmaniensis. Conversely, the likelihood of identification of C. morio
appeared to be decreased by lights (Table 6.1).

Table 6.1. Site occurrence (number of sites where a species was identified) and total
number of passes for identified bat species at unlit and lit points (n = 9). Guild is
indicated for relevant species.
Site Occurrence
Species

Number of Passes

Guild

Unlit

Lit

Unlit

Lit

Tadarida australis

-

2

1

3

1

Saccolaimus flaviventris

-

0

1

0

1

Mormopterus sp. 2

OS

0

2

0

4

M. norfolkensis

OS

2

1

6

4

Chalinolobus gouldii

OS

3

3

10

28

Scoteanax rueppellii

ESL

0

1

0

1

Scotorepens orion

ESL

2

3

2

30

Falsistrellus tasmaniensis

ESL

2

2

2

11

-

3

0

3

0

Vespadelus darlingtoni

ESM

6

5

90

322

V. vulturnus

ESH

6

6

32

89

C. morio

ESH

4

4

19

5

-

3

2

8

12

Nyctophilus spp.

Rhinolophus megaphyllus
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Despite the increase in bat identifications around lights for the most common species,
there were no significant differences in the mean proportion of passes identified to
species in the first, second, or third hours of sampling (first hour: t = 1.20, d.f. = 8, P >
0.20; second hour: t = 0.29, d.f. = 8, P > 0.50; third hour: t = 1.78, d.f. = 7, P > 0.10;
Figure 6.2). However, the mean time taken to identify the second to the fifth new
species (adjusted to begin at sunset) was between 3.3 and 4.6 times longer at unlit points
(over eight hours for five species, compared with less than three hours at lit points).
These differences were significant for the third, fourth, and fifth species identified
(third: t = 2.77, d.f. = 9, P = 0.020; fourth: t = 2.35, d.f. = 7, P = 0.051; fifth: t = 4.07,
d.f. = 4, P = 0.015; Figure 6.3).

Mean proportion identified
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0
1st hour
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Figure 6.2. Mean proportion (and 95% confidence intervals) of passes identified to
species level, at unlit and lit points, for the 1st, 2nd, and 3rd hours of sampling (n = 9,
1st and 2nd hours; n = 8, 3rd hour). Shaded bars, unlit; open bars, lit.
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Figure 6.3. Mean time (minutes, and 95% confidence intervals) after sunset to
identification of the 1st - 5th species, at unlit (U) and lit (L) points (n: 1st species, U =
9, L = 7; 2nd, U = 8, L = 6; 3rd, U = 6, L = 5; 4th, U = 5, L = 4; 5th, U = 3, L = 3).
Shaded bars, unlit; open bars, lit.

6.3.5

Length of passes
Bats from all guilds had a predominance of short passes (2-5 pulses; Figure 6.4).

At unlit points, few passes of greater length were recorded for OS, ESM and ESH bats.
At lit points, there was a marked decrease in the number of passes 2–5 pulses long and
increased number of passes > 10 pulses long, for these guilds. This tended to result in
flatter distributions, which were significantly different from the distributions at unlit
points (OS bats: D = 0.21, P < 0.01; ESM bats: D = 0.26, P < 0.01; ESH bats: D = 0.26,
P < 0.01; Figure 6.4). ESL bats produced a relatively small number of passes, which
increased in all pass length classes at lit points but especially in the three lowest (D =
0.29, P < 0.05; Figure 6.4).

When pass-length data for unlit and lit points were pooled, the proportion of passes
identified to species was low for passes with 2-5 pulses but increased for longer passes
in OS, ESL and ESM bats (Figure 6.5). In ESH bats, the proportion of passes identified
to species only increased for passes with >10 pulses (Figure 6.5). There was a
significant association between pass length and the number of passes identified to
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species for all guilds (OS bats: χ2 = 50.03; ESL bats: χ2 = 22.03; ESM bats: χ2 = 21.36;
ESH bats: χ2 = 21.72; all guilds: d.f. = 2, P < 0.001).
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Figure 6.4. Frequency distributions of pass length (number of pulses) size classes for
OS, ESL, ESM, and ESH bats, at unlit (U) and lit (L) points (n: OS bats, U = 119, L =
125; ESL bats, U = 30, L = 129; ESM bats, U, L = 100; ESH bats, U, L = 100). A = 2-5,
B = 6-10, C = 11-15, D = 16-20, E = 21-25, F = >25. Shaded bars, unlit; open bars, lit.
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Figure 6.5. Frequency distributions of passes of different pass length (number of pulses)
size classes identified to species or species groups for OS, ESL, ESM, and ESH bats,
unlit and lit data pooled (n: OS bats = 244; ESL bats = 159; ESM bats = 200; ESH bats
= 200). Closed bars, 2–5 pulses; shaded bars, 6–10 pulses; open bars, > 10 pulses.
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6.4

Discussion
This study demonstrates that insect-attracting lights have a positive influence on

the amount of bat activity recorded for all bats combined and echolocation call guilds,
as well as rates of feeding activity. Increased activity was also reflected in longer pulse
sequences, leading to improved identification for several guild species and faster rates
of identification overall. However, the effect of lights varied, being greatest in the third
hour of sampling.

6.4.1

Increased bat activity and feeding at lights
My data support the hypothesis of increased activity and feeding rates for bats

recorded at lights. Although this behaviour has previously been described (e.g. Fenton
and Morris 1976), earlier studies were typically conducted in open areas where many
bats are adapted to long range aerial foraging (e.g. Kirsten and Klomp 1998). In these
habitats, apparent avoidance of lights by some bats may have been related to unsuitable
foraging habitat (e.g. bats with short-range prey detection: Rydell 1992, Rydell and
Racey 1995) or the lights themselves (e.g. increased predation risk: Rydell and Racey
1995). My study demonstrates that forest bats will respond to insect swarms around
lights placed in their usual foraging habitat (Bell 1980, Sleep and Brigham 2003),
although the effect of lights on species identified at low activity levels (e.g. S.
rueppellii) is difficult to assess.

The increase in activity by all four guilds and the identification of most known species
from the area at lit points suggests that lights do not act to deter the suite of bats in my
study area, at least at the scale of bat detector range. Bats thought to occur in the area,
but not detected at lit or unlit points, were species with low-intensity calls and/or
species considered to be uncommon (the golden-tipped bat Kerivoula papuensis, the
large-footed myotis Myotis macropus, the large bent-wing bat Miniopterus schreibersii
oceanensis), as well as the southern forest bat V. regulus, whose call completely
overlaps with that of most V. darlingtoni calls, but is also unlikely to occur in the study
area in large numbers (Mills et al. 1996, C. Tidemann pers. comm.). It cannot, therefore,
be assumed that lights impacted negatively on these species, nor can impacts on seldomrecorded bats be assessed. However, it is noteworthy that Nyctophilus spp. calls were

226

Chapter 6. Lights and bat activity

only detected at unlit points, although in very low numbers. N. gouldi was the second
most commonly trapped species at these sites over the same time period (different
nights, unpublished data) so frequent recording of its calls by a ground-based detector
would have been expected. Low activity levels for this taxon may be explained by the
low-intensity calls of Nyctophilus, reduced or absent echolocation signals with
increased feeding rates (a feature noted in many gleaning species: Neuweiler 1984,
Cronin and Sanderson 1994, Faure and Barclay 1994, Schnitzler et al. 2003), or
avoidance of lit areas. (N.B. Insects around lights comprised both those in flight and
others that had come to rest on surfaces.) Further work is required to distinguish
amongst these potential causes.

The success of using lights to increase bat activity depends on the ability of the lights to
attract insects. In this study I detected no light effects in the first (lights-on) hour of
sampling, probably due to relatively high background light levels lessening the
attractive properties of the lights to insects (Bowden 1982). However, bat activity was
obviously elevated and concentrated at lit points during the third hour of sampling,
conducted in full darkness. This contrasts with research that has demonstrated naturally
occurring peaks in bat activity for most species in the first hour after sunset (Law et al.
1998). Other studies lend support to a link between elevated levels of bat activity and
insect presence at lights (Bell 1980, Geggie and Fenton 1985, Hickey and Fenton 1996).
Additionally, lowered bat activity and a more variable response to lights in the cooler
months of this study (March and April) was apparently a reflection of low insect
abundance at that time. Therefore, provided that the density of insects around lights
changes in proportion to that present in the environment, bat surveys should not be
expected to benefit from lights when ambient prey density is low.

6.4.2

Enhancement of species identification
As I predicted, an increased number of passes was accompanied by a greater

proportion of longer passes and improved species identification for guilds, as individual
bats presumably centred their activity on the lights. Despite this pattern, the mean
proportion of passes identified to species did not differ between unlit and lit points. This
was probably attributable to high variability among sites. Recording of longer passes
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may have been enhanced by the vertical stratification of lights at various heights above
the ground, providing a larger area of attraction for bats within the detector’s range.
Conversely, having a light source at ground level adjacent to the detector may have
improved detection of species with low-intensity calls attracted to the ground light.
Detector placement is an important consideration when conducting bat surveys (Law
and Chidel 2002, Weller and Zabel 2002) and further research would help to determine
the optimal horizontal, vertical and orientational detector positions for different
recording situations. As a start, trials could determine whether light placement at ground
level only (logistically easy) results in a similar or greater increase in species
identification relative to the use of vertically stratified lights.

It is important to emphasise that my study examined only the concentration of bat
activity at locations under the direct influence of lights in relation to areas at a short
distance from lights. High activity around lights may have contributed to comparatively
lower activity levels at unlit points than I would have expected if no lights had been
present at all, even though absolute activity levels probably increased. However, my
study demonstrates the ability of lights to improve the chances of identifying bats to
species level, by increasing both occurrence and duration activity indices for four guilds
of bats with easily confusable calls. The more rapid accumulation of species
identifications per night at lit points provides a useful safeguard against the failure of
equipment or batteries and other unpredictable events, such as inclement weather. It
could also reduce the costs of field work, particularly if only one or a few species are
targeted or if recording is carried out actively. Employing lights may be particularly
useful for small-scale environmental assessments, for which lengthy surveys are
difficult to justify.

A more comprehensive inventory of the bats of the study area was generated in the
presence of lights than in unlit samples, increasing the likelihood that all detectable
species present at a site were identified. Higher rates of feeding and other potentially
complicating factors of the identification process at lit points did not appear to have an
impact. I do not suggest that using lights to enhance bat surveys precludes the necessity
to sample a site over more than one night, a widely used protocol (e.g. Law and Chidel
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2002) aimed to account for naturally high temporal variability in bat activity (Hayes
1997). I recorded more species for most sites by monitoring activity on two nights.
Additionally, species active later in the night may have been missed when audio tapes at
busy lit points filled up early (Law et al. 1998) and there may also have been a negative
effect of lights on activity and/or the ability to identify some species (e.g. Nyctophilus
spp.). Therefore, surveys using lights should still sample on multiple nights and
incorporate a completely non-lit component.

It is important to exercise caution when interpreting the species inventory obtained for a
site or habitat type in surveys using lights. Lights have the potential to attract bats from
a distance, particularly those with previous experience of feeding success around lights.
Non-target bats are unlikely to have been recorded in my study because long-distance
vision was precluded by the local topography and vegetation structure. In flatter or more
open habitats, measures should be taken to prevent bats being attracted from outside the
area being studied. For example, strategically placed screening could be used or lights
could be positioned at ground level only (providing they afforded similar benefits to
vertically stratified lights). Certainly, a case-by-case assessment needs to be made of the
probability of sample contamination by outside individuals and any conclusions reached
should reflect this.

6.4.3

Caution in interpretation of habitat use
Altered bat activity around lights has implications for research that involves the

simultaneous recording of bat and insect activity (using lights for the latter) and
attempts to find correlations between them, or to infer habitat use by bats (e.g. Grindal
and Brigham 1999). If lights are positioned close to detectors, bat activity levels will
represent a response to artificial insect swarms that may not reflect activity under
natural conditions. In my study, there were increased rates of feeding around lights
compared to unlit areas 20–60 m distant and the response of ESL guild bats to lights
was 3.5–6 times higher than that of the other guilds. Such differential recording effects
across a bat assemblage are likely to be further complicated by the placement of bat
detectors (Weller and Zabel 2002), the influence of habitat structure on detection levels
of bats calling at different frequencies (Patriquin et al. 2003) and the effects of clutter on
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bat activity (Brigham et al. 1997b, Sleep and Brigham 2003). When the presence of
lights is likely to increase activity levels at unpredictable rates, I suggest the use of an
alternative activity index to the number of passes, to provide a less biased representation
of bat activity. The acoustic activity index (Miller 2001) may be such an alternative (see
also Broders 2003). It uses presence of bat species within predetermined time intervals
(e.g. one minute) to produce an index of activity. Bias in favour of bats flying frequently
within detector range is reduced by this method.

6.4.4

Implications for future bat survey work
My study demonstrates that the creation of insect aggregations, using lights, in

forest settings can increase the number and length of bat passes and promote the
identification of bat echolocation calls to species level. This method has implications for
bat research and conservation as, used in combination with standard non-manipulative
recording methods, it is likely to improve our knowledge of local bat faunas and species
distributions. Implicit in this is the potential for enhanced conservation outcomes for
rare and threatened bat species. Further work will help to determine if the configuration
of detectors and lights can be varied to achieve maximal benefit from the technique for
different species and recording locations, while minimising attraction of bats from nontarget areas. This method could reduce the need for costly active sampling.
Alternatively, the use of both active (O’Farrell et al. 1999, Milne et al. 2004) and
passive recording in light-assisted surveys may further improve identification rates,
particularly if target species are attracted to lights and can then be followed.
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Chapter 7
General Discussion
The general discussion that follows contains few citations. For more detailed reference
to the literature, please refer to the relevant chapter.

7.1

Vertical distribution of bats and insects in tall regrowth forests
Environmental researchers and managers often conduct acoustic surveys of

forest bats, using the amount of recorded echolocation data as an index of activity levels
by different species or guilds (e.g. Law and Chidel 2002, Menzel et al. 2002). Unlike
other acoustic studies of forest bats, I measured bat activity, vegetation structure and
potential prey abundance in three vertical strata containing different quantities and
arrangements of woody elements and foliage. By doing this, I was able to show that
most bat activity occurred in the subcanopy and canopy of forests, removed from the
usual sampling height. Relatively high stem density (short inter-stem distance) in the
forest understorey was accompanied by relatively low levels of bat activity, both in total
and from four aerial-foraging guilds with different echolocation call frequencies
(Chapter 2). Percentage cover of vegetation was low in this stratum compared with the
upper strata, indicating that stem density may be an important limiting factor on bat
activity, as has been indicated in other studies (e.g. Erickson and West 2003).

I doubt that flight was unachievable for aerial foragers in the understorey, at least for
small bats with high-frequency echolocation (Chapter 5); free-flying bats are commonly
active at lower levels of clutter than they can negotiate (e.g. Sleep and Brigham 2003).
However, as abundance (Chapter 2), biomass (Chapter 4) and body length values
(Chapter 4) for insects were greatest in the understorey, it would appear that most bats
were not gaining access to a large component of the airborne insect resource. This
suggests that detection or capture of prey in the understorey was inefficient compared to
the subcanopy and canopy, leading to a concentration of bat activity in the upper strata.
Indeed, a targeted assessment of the macromoths from my insect catches revealed that
different predator avoidance strategies may contribute to the prevalence of different
macromoth taxa, and both eared and earless macromoths, in the understorey (Chapter
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4). Given that the development of an understorey stratum is a typical successional
process in forests as they age (e.g. Lindenmayer et al. 2000), such a formation may
provide a reliable refuge for insects against nocturnal aerial attacks once a forest is
sufficiently mature.

7.2

Effects of logging history on vegetation structure and bat activity
Natural disturbance is recognised as an important determinant of heterogeneity

in the structure and biodiversity of forests (Franklin et al. 2002). It is essential that we
determine how intensive human disturbance affects forest ecosystems and what action
can be taken to moderate any impacts, while maximising human and environmental
benefits. My project showed that changes in the vegetation structure of upper strata in
forests with different logging histories appeared to result in different habitat conditions
for flying bats. Bats were more active in the upper strata than understorey of regrowth
forests logged selectively in the first three-quarters of the 20th century (Chapter 2).
However, the subcanopy and canopy of the youngest of these forests—logged heavily
after 1950—contained more cluttered airspace and hosted less activity from aerialforaging bats, except those using the highest frequency echolocation (presumably with a
close operating distance). Higher stem density, a shallower bole zone and shorter
canopy trees may each have contributed to the scarcity of bat activity (Chapter 2), while
insect abundance (Chapter 2) and most variables measured for macromoths (Chapter 4)
did not differ between the two classes of logging history.

If structural clutter is a primary factor limiting bat activity in younger forest stands, the
consequences for bat conservation could be serious in landscapes containing large tracts
of harvested forest. Prey availability below the tops of canopy tree crowns could be
insufficient and access to roosting sites hindered for bat species with flight and
echolocation morphology adapted to habitats containing more obstacle-free space. Even
small aerial-foraging bats, with seemingly high tolerance for increased clutter, may be
faced with challenging flight conditions in very dense forest (Chapter 5) and so avoid
using it (Glass 1993). Aerial-foraging bats may be better able to fulfil their habitat
requirements in forest mosaics, similar to my study area, whereby compartments with
different logging histories are interspersed with unlogged areas, tracks and
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watercourses. Nevertheless, more research is required to gain a thorough understanding
of the pressures faced by forest species when flight habitat is diminished, including
impacts on prey and roost availability. Changes in behaviour or activity levels that
occur because of disturbance cannot be used to infer the vulnerability of a species (Gill
et al. 2001); thus, it is essential that more studies of logging effects incorporate
demographic assessment of bat populations, especially for those thought likely to be
declining.

7.3

Does the creation of space in dense forest vegetation benefit bats?
Given that high levels of physical clutter appear to have a negative impact on the

flight activity of most aerial-foraging bats, it is reasonable to assume that conditions
could be improved by actively reducing the volume of forest vegetation. Vegetation
removal may benefit bats that are precluded from flight in denser areas of forest, as well
as those that can tolerate clutter but prefer flying in more open habitats. In harvested
forests, vegetation is removed for a variety of purposes, including wood harvesting,
thinning for the improvement of stand growth and the provision of tracks for the
passage of vehicles and equipment. The latter involves the exclusion of vegetation from
all strata, though overhanging branches from nearby trees may be left. Maintenance is
carried out as required to retain the open structure of a track for as long as is deemed
necessary. In my study sites, the greatest difference between track and forest vegetation
structure occurred in the understorey (Chapter 2). Like other studies, I found that bats
made more frequent use of tracks than forest interiors, including for foraging activity.
The largest difference between track and forest activity was in the understorey and this
made vertical stratification for the four aerial-foraging guilds less distinct on tracks
(Chapter 2). Given that tracks provide clear airspace over relatively long distances and
allow access to the insect-rich understorey, they would appear to give bats high-quality
conditions for commuting and foraging, structurally mimicking riparian corridors. Even
large bats with fast flight and echolocation operating at long range may benefit from the
near-linear form of most tracks. It is also possible that tracks bordered on both sides by
forest and topped with overhanging trees afford protection from predators, such as owls.
If favoured by bats, tracks may become used habitually as flyways, reinforcing their
status as hubs of bat activity. However, activity on tracks did not differ between old and
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young regrowth sites, except for the highest-frequency edge-space guild, which were
more active on tracks in young regrowth (Chapter 2). Therefore, assuming that tracks
comprise a small areal proportion of the logged landscape and similar areal proportions
of stands with different logging histories, the role of tracks in mitigating the impact of
clutter in dense forest may be limited. The location of my forest sites within a mosaic of
compartments of varied logging history may mean that bats had more options for
foraging elsewhere. In forests where heavy or clear-fell logging occurs consistently over
large areas, tracks may prove a more critical resource for bats.

Selective logging and thinning create space in forests by removing relatively tall trees,
though parts of the understorey vegetation may also be removed to facilitate tree
harvesting or enhance the effects of thinning. Thus, in the short term, space may be
abundant in all forest strata (Chapter 5). This may have the effect of enhancing flight
conditions for large bats with long-range echolocation (Glass 1993), but small aerialforagers with close-range echolocation may be disadvantaged (Glass 1993) and may
restrict themselves mainly to flight close to the ground, even if remnant trees remain
(Chapter 5). Whether these environments increase predation risk, provide poor-quality
foraging habitat or eliminate some other important feature of habitat for these bats is
unknown. In the longer term, regrowth reinstates an understorey stratum, which may be
more cluttered than that in similar forests without selectively harvesting or thinning
(Chapter 3). If clutter is an important determinant of bat activity, lower stem density in
the upper strata of thinned sites should enhance flight conditions for bats. However, I
found that 25-50 year-old regrowth forests, thinned 4-9 years prior to my study, did not
have higher levels of bat activity than similar, unthinned sites and had shallower bole
zones (Chapter 3). The impacts of selective harvesting or thinning on bat activity
requires considerably more research, as such practices can take many different forms
and produce large variations in structure over time. The notion that thinning of dense
forest will be beneficial for bats in the short term is not supported by my research.

7.4

Methodological considerations for studies of forest bats and their prey
There are clear implications for the interpretation of forest-bat research when the

forest stand is the sampling unit for studies of bat activity or insect abundance, yet
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sampling is undertaken only within the understorey stratum. In stands with well-spaced
canopy trees, a distinct bole zone and a well-developed understorey, forest bat activity
estimated from sampling done in the understorey will likely be underestimated, and
insect abundance overestimated (Chapter 2). Indeed the composition of the insect catch
could also be an unreliable indicator of that in the upper strata, in terms of size
distribution, macromoth eared state and the abundance of some macromoth taxa
(Chapter 4). Furthermore, activity for species or echolocation guilds of bats may be
skewed in favour of more clutter-tolerant types (Chapter 2) and some high-flying
species may be missed. If bat activity is constrained or avoided in the understorey, it
would be inappropriate to use the abundance of insects collected there to infer prey
availability in that stratum, let alone the forest stand as a whole. In forest settings, it is
clearly much easier for researchers to set up and operate sampling equipment close to
the ground. However, it is important that the full height of a forest is sampled or that
samples are representative of the full height of the forest. If not, researchers must
acknowledge the probable limitations of their experimental design; tests of maximum
and average detection ranges for different species would be useful for this purpose. The
increased cost of sampling over a range of heights in a forest stand could be partly
overcome by tailoring the sampling design to particular bat species (if data on typical
flight location within forests are available), particular strata (if vegetation structure,
insect abundance or roost abundance is known to vary among forest treatments in one
stratum) or the most bat-active strata (if the collation of species lists is the main aim).

Similarly, using data collected on a forest track (or other linear clearing) to infer activity
inside the forest stand will be inappropriate. Levels of bat activity on tracks will
probably be higher than inside the forest, but by different amounts depending on
stratum and echolocation call guild (Chapter 2). Furthermore, realised prey availability
may be different on forest tracks, not least because bats are more likely to access the
understorey. Nevertheless, recording activity on tracks is a useful component in the
overall picture of bat activity in a forested landscape; in combination with trapping,
species inventories for a region may be assembled more quickly than if surveying is
conducted only inside forest stands. Once again, researchers should explicitly state
whether tracks or other clearings form a component of forest sampling, and the effects
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of open areas and forest interiors should be assessed separately. The likely heightrelated limitations of sampling on tracks should also be acknowledged, even though
vertical stratification effects may not be as marked there.

By utilising different structural variables, I was able to detect differences between
logging treatments that might not have been apparent using just one variable. For
example, percentage cover did not vary between old and young regrowth for any
stratum inside the forest (Chapter 2), but height, inter-stem distances and sub-crown gap
depth for canopy trees did. Future studies of bats in managed or unmanaged forests
should include assessments of different aspects of vegetation structure so that
differences in physical clutter can be readily identified. Inter-stem distances (or stem
density), percentage cover, forest height, height of vertical gaps between foliage bands
(Chapters 2, 3 and 5) and the size of gaps within foliage bands (Humes et al. 1999) are
likely to be useful variables for assessing vegetation structure. Forest researchers often
calculate stem density separately for different height and/or size classes (e.g. Guariguata
et al. 1997). Obviously, all stems in a bat’s flight path will contribute to the clutter it
must negotiate. Therefore, my estimates of stem density in each stratum below the
canopy included stems from higher strata (Chapters 2, 3 and 5). This is an important
consideration, as an understorey may contain a low density of shrubs but, combined
with understorey and canopy trees, total stem density may be quite high at shrub level.

Although light traps are an efficient means of sampling the phototactic component of
insect assemblages, employing them in studies of bat habitat-use may lead to
unrepresentative bat activity samples. Bats appear to be attracted to the concentrations
of insects that form around these traps, with more bat flight and foraging activity
recorded in their vicinity than at a distance from them (Chapter 6). Different
echolocation guilds may increase their activity to different degrees, and some species
may be deterred by lights (Chapter 6). Therefore, spatial separation of bat and insect
sampling equipment is necessary to minimise the disturbance of typical bat activity,
although temporal separation should be avoided, as insect abundance can show large
temporal variation (Hayes 1997). Notwithstanding these difficulties, the attractant
properties of light traps may be useful in acoustic surveys of bats, when the aim is to
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compile species lists. Identification of bat species that use echolocation of similar
frequency and shape is often problematic (Adams et al. 2010). However, longer
sequences of pulses (calls), more commonly produced by bats close to lights, enhance
species identification and may provide a valuable complement to surveys conducted
without lights (Chapter 6).

7.5

Conclusions and recommendations
Bats make up a large proportion of mammal species diversity (Mickleburgh et

al. 2002) and include many species at risk of serious decline or extinction, at
international, national and sub-national levels (e.g. New South Wales Government
1995b, Duncan et al. 1999, Hutson et al. 2001, Mickleburgh et al. 2002). Globally, the
loss or modification of forests and woodlands is viewed as a major threat to bats
(Hutson et al. 2001, Mickleburgh et al. 2002). Apart from their contribution to
biological diversity, bats provide numerous ecosystem services in forest systems (Kunz
et al. 2011). For example, as predators, insectivorous bats have the potential to influence
the size of insect populations (Williams-Guillén et al. 2008), with flow-on effects for
ecological processes such as herbivory (Kalka et al. 2008). It is imperative, therefore,
that scientists conduct research into the habitat requirements of forest bats and how
these are affected by different forest management practices, allowing appropriate
conservation measures to be developed and implemented. It is also essential that the
methods used to study bats are assessed and refined, so that data can be gathered more
efficiently and the results of analyses interpreted with greater confidence. In this project,
I addressed both the flight habitat requirements of insectivorous forest bats and the
methodological approaches used to study bats in temperate eucalypt forests managed for
wood production and biodiversity conservation.

I found that dense structural clutter in regrowth forests dominated by young trees (< 50
years old) appeared to limit the available flight habitat, and therefore prey availability,
of open- and edge-space aerial-foraging bats. Even edge-space bats with echolocation
design suited to close-range detection showed altered flight patterns in the most
cluttered forests that I studied, suggesting a change in flight conditions. Older regrowth
forests (selectively logged 50-100 years previously) with relatively tall canopy trees
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(~30 m), deep bole zones (subcanopies, ~6 m) and large distances between canopy tree
stems (~4-11 m, nearest to fourth nearest stems, one in each of four quadrants around a
canopy tree) hosted more bat activity in total and more activity from a variety of
echolocation call guilds in their upper strata, than younger forests (heavily logged 25-50
years previously) with short canopy trees (~22 m), shallow bole zones (~4 m) and less
distance between canopy tree stems (~3-8 m, nearest to fourth nearest). My research
showed no differences in bat activity 4-9 years after thinning younger regrowth,
including little distinction in activity among strata, although a larger sample size would
have been desirable. However, the only significant changes in vegetation structure for
thinned sites were for variables that showed higher clutter values (more shrub cover and
shallower bole zones), while inter-stem distances for canopy trees only increased
slightly and perhaps insufficiently for bat activity to increase (median distance 4.4 and
5.1 m, for unthinned and thinned regrowth, respectively). On the other hand, the very
open forest structure that can immediately follow silvicultural thinning may not provide
suitable habitat for small bats (although larger bats adapted to open-space habitats may
benefit temporarily). The lack of bat activity in younger regrowth forest could
compromise the natural suppression of insect populations, including pest and other
herbivorous species that can cause damage to commercial crops.

I recommend that large areas of tall, open, regrowth forest, with similar structural
characteristics as the older regrowth in my study, should be conserved in harvested
eucalypt forest landscapes. If forest is to be logged heavily over extensive areas, the
long-term retention of patches of tall, open regrowth forest within these areas may help
to preserve flight and foraging habitat for a variety of forest bats, as well as enhancing
their movement across the landscape. However, rather than harvesting heavily over
extensive areas, I recommend the creation and/or maintenance of a mosaic of forest
patches of differing logging histories, including regrowth sites of varying age and
unlogged sites, traversed by vegetated tracks and riparian zones, which are frequently
used by bats. This should help to ensure that all bats in these forests have access to the
variety of spatial, foraging and roosting resources they require. Such a management
technique is currently practised in southern NSW. More research is required, however,
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to test the effectiveness of retaining habitat features suitable for a range of bat species
with diverse clutter tolerances.

Even if numerous patches of mature forest and other habitat features are retained, bats
may have relatively little suitable flight and foraging habitat overall if short, dense,
regrowth forest covers a large proportion of the logging landscape. As my project
provided no evidence that bats benefit from thinning in the short term (less than ten
years), I recommend that research is undertaken to determine whether silvicultural
thinning and selective logging practices in such regrowth can be refined to improve
habitat conditions for bats. See Section 3.4.7 for clutter-specific thinning hypotheses
that could be tested. Thinning prescriptions in southern NSW currently aim for tree
spacing of 5-6 m and both of the thinning treatments I studied achieved similar
outcomes. However, other factors, such as the depth of the bole zone, may confound the
effects of the larger inter-stem distances found with thinning. Indeed, vegetation
structure, the availability of prey, the availability of roost sites and the risk of predation
may each contribute to the probability of bats using harvested forest. Therefore, all of
these factors should be considered in future research of thinning and selective
harvesting, regardless of the structure or age of the stand at harvesting. In addition,
landscape variables should be incorporated into such studies when the fragmentation of
suitable habitat is likely to be an issue. Although indices of bat activity provide valuable
information about the use of forest stands, logging impact studies should also
incorporate assessments of population effects, which bat activity data cannot be used to
infer. This will be particularly important for listed threatened species and species that
show widely different use of stands with different logging histories. Experimental
studies will provide the most definitive conclusions about the effects of clutter on bat
flight and aerial-foraging behaviour and I recommend that these are undertaken at the
most realistic spatial scales possible. See Section 5.6.7 for detailed flight behaviour
hypotheses that could be tested for small bats in experimental or non-experimental setups.

My project highlights the importance of paying close attention to experimental design
when planning a research study of the activity of forest bats and their potential prey.
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Forests naturally show variation in structure with height; at the coarsest scale, this is
demonstrated by the differentiation of forest vegetation into vertical strata, although it is
not always possible to clearly discriminate forest layers. I showed that different
elements of vegetation structure, different bat echolocation call guilds and different
components of insect and macromoth assemblages showed diverse responses to vertical
stratum and, often, logging history. Horizontal location also produced varied effects on
vegetation structure and bat activity. I argue that, in temperate forests with welldeveloped understoreys, bat activity and the potential availability of their flying prey
cannot be adequately sampled from equipment operated at, or close to, ground level.
The data collected at this height is unlikely to be typical of that in upper strata. I
recommend that, in future studies of the effects of forest management on insectivorous
bat activity, matched sampling of bats, insects and vegetation structure should be
carried out in representative microhabitats (in vertical and horizontal dimensions)
appropriate to the research question/s being addressed. Finally, insect-attracting lights
may be used to enhance bat species call identification in presence/absence surveys, but
should not be allowed to influence bat activity in habitat-use studies when insects are
also being sampled.
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Appendix A

Appendix A. Field site information, including site name, forest name, relevant thesis
chapter, logging treatment and geographic coordinates; SF, State Forest; NP, National
Park; ANU, Australian National University; AMG, Australian Map Grid reference; NA,
not available.
Site

SF/NP etc.

Chapter

Fletcher’s Rd

Sth Brooman SF

2, 4, 5, 6

Regrowth
type
old

AMG

Behind London
Foundation
Mt Agony Rd

Private (ANU)

2, 4, 5, 6

old

Murramarang NP

2, 4, 5, 6

old

Murramarang Rd

Sth Brooman SF

2, 4, 5

old

Old Coach Rd

Sth Brooman SF

2, 3, 4, 5, 6

Cold Chisel Rd

Murramarang NP

2, 3, 4, 5, 6

Barkshed Rd

Sth Brooman SF

2, 3, 4, 5, 6

Mountain Rd

Murramarang NP

5

Shannon’s Rd

Benandarah SF

5

Big Bit Rd

Boyne SF

2, 3, 4, 6

Joes Nose Rd

Boyne SF

2, 3, 4, 6

Ridge Rd

Nth Brooman SF

2, 3, 4, 6

Sheep Track
Livingstone Creek
Rd
Spotted Gum Rd
Middle Ridge Rd
Burma Rd west/east
Lemon Tree Creek
Rd

Sth Brooman SF
Murramarang NP

5
5

young
(unthinned)
young
(unthinned)
young
(unthinned)
young
(unthinned)
young
(unthinned)
young
(thinned)
young
(thinned)
young
(thinned)
unthinned
unthinned

255 400E
6068 000N
260 500E
6063 300N
254 400E
6054 500N
252 900E
6068 300N
256 450E
6069 550N
256 750E
6057 200N
251 300E
6063 750N
258 600E
6061 100N
248 600E
6050 900N
250 600E
6054 900N
248 300E
6057 300N
254 000E
6072 100N
NA
NA

Murramarang NP
Sth Brooman SF
Boyne SF
Nth Brooman SF

5
5
5
5

unthinned
thinned
thinned
thinned

NA
NA
NA
NA
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Appendix B. Bat call species identification keys for four groups of species with
overlapping call frequencies, constructed using more than 200 reference call sequences
collected by the author and others (Reinhold et al. 2001a, b, c).

1. Mormopterus sp. 1 / Mormopterus norfolkensis / Chalinolobus gouldii group
1. If Fc 28-31 kHz, pulses (calls) flat, sequence several seconds long, no
alternation................................................................................................... M. sp. 1
2. If Fc 22-32.5 kHz, pulses flat, sequence not long ........... M. sp. 1/M. norfolkensis
3. If Fc 29-34 kHz, pulses flat, alternating pulses ............................. M. norfolkensis
4. If Fc 28-33 kHz, pulses curved, long bandwidth and/or alternating pulses ..........
.......................................................................................................... C. gouldii
5. If Fc 28-34 kHz, pulses curved, short bandwidth, alternating pulses ....................
................................................................................ M. norfolkensis/C. gouldii
6. If Fc >31 kHz and <34 kHz, pulses curved, no alternation, pulses too close
together to be “cruise” phase of C. gouldii:
a.
Fc up to 33 kHz, long clear sequence ..................................... M. sp. 1
b.
Fc up to 33 kHz, short/poor quality sequence ......................................
....................................................... M. sp. 1/M. norfolkensis/C. gouldii
c.
Fc 33-34 kHz, sequence suggests non-search phase ............................
..................................................................... M. norfolkensis/C. gouldii
d.
Fc 33-34 kHz, poor quality OR Fc varies over 31-35 kHz, phase not
clear .......................... M. norfolkensis/C. gouldii/S. rueppellii/S. orion
e.
Fc 33-33.5 kHz, good quality longish search phase sequence and
most pulses have precharacteristic frequency drop of >3kHz (KEY
2.1) ..................................................................................... S. rueppelli
f.
Fc 33-33.5 kHz, long bandwidth, short sequence, precharacteristic
frequency drop of <3 kHz ............................... C. gouldii/S. rueppellii
g.
Fc 33 kHz, short bandwidth, ~1 pulse only .........................................
...................... M. sp. 1/M. norfolkensis/C. gouldii/S. rueppellii/S.orion
7. If Fc >28 kHz and <33 kHz, short bandwidth/poor quality, ~1 pulse only ...........
.................................................................. M. sp. 1/M. norfolkensis/C. gouldii

2. Scoteanax rueppellii / Scotorepens orion / Falsistrellus tasmaniensis group
1. If Fc 33-33.5 kHz (poss. 32-33.5 kHz), pulses curved, no alternation, good
quality longish search phase sequence and most pulses have precharacteristic
frequency drop of >3kHz .....................................................................S. rueppellii
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2. If Fc 33.5-35 kHz, pules curved, no alternation, good quality sequence with
precharacteristic frequency drop >2 kHz OR poor quality call and
precharacteristic frequency drop not clear ............................. S. rueppellii/S. orion
3. If Fc 33.5-36 kHz (more likely 33.5-35 kHz), pulses curved, no alternation and
precharacteristic frequency drop <2 kHz ................................................... S. orion
4. If Fc 35-36 kHz, pulses curved and precharacteristic frequency drop >2 kHz and
a) length of precharacteristic section <3 ms OR poor quality and length of
precharacteristic section not clear ...S. rueppellii/S. orion /F. tasmaniensis
b) length of precharacteristic section >3 ms ........................... F. tasmaniensis
5. If Fc 36-38.5 kHz, pulses curved and length of precharacteristic section almost
always <1 ms .............................................................................................. S. orion
6. If Fc 38.5-40 kHz, pulses curved and length of precharacteristic section <1 ms ...
................................................................................... S. orion/F. tasmaniensis
7. If Fc 36-37 kHz, pulses curved and length of precharacteristic section >1 ms OR
poor quality/short call sequence at this frequency ........... S. orion/F. tasmaniensis
8. If Fc 37-40 kHz, pulses curved and length of precharacteristic section >1 ms and
<1.3 ms OR poor quality/excitement sequence and length of precharacteristic
section not clear................................................................ S. orion/F. tasmaniensis
9. If Fc 37-38.5 kHz, pulses curved and length of precharacteristic section mostly
>1.3 ms .............................................................................................F. tamaniensis
10. If Fc 38.5-40 kHz, pulses curved, length of precharacteristic section mostly >1.3
ms and steeper slope without very long characteristic section ...... F. tasmaniensis
11. If Fc 38.5-40 kHz, pulses curved, length of precharacteristic section mostly >1.3
ms, without steep slope and with possibly longer characteristic section ................
......................................................................... F. tasmaniensis/V. darlingtoni
12. If Fc 38.5-40 kHz, pulses curved, length of precharacteristic section mostly >1.3
ms, without steep slope and with open shape and relatively long characteristic
section ...............................................................................................V. darlingtoni

3. Vespadelus darlingtoni / Vespadelus regulus / Miniopterus schreibersii oceanensis
group
1. If Fc 38.5-40 kHz, pulses curved, length of precharacteristic section mostly >1.3
ms and steeper slope without very long characteristic section (KEY 2.10)............
................................................................................................. F. tasmaniensis
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2. If Fc 38.5-40 kHz, pulses curved, length of precharacteristic section mostly >1.3
ms, without steep slope and with open shape and relatively long characteristic
section (KEY 2.12) ........................................................................... V. darlingtoni
3. If Fc 40-44 kHz, pulses curved and with open shape (may be long
precharacteristic section or precharacteristic and characteristic section together)
OR with characteristic section >1.8 ms in at least some pulses ........ V. darlingtoni
4. If Fc 40-44 kHz, pulses curved and characteristic section always <1.8 ms OR
poor quality sequence with unclear pulses ....................... V. darlingtoni/V.regulus
5. If Fc 44-44.5 kHz, pulses curved and long characteristic section with no tail or
some up-sweeping tails ....................................... V. darlingtoni/M. schreibersii o.
6. If Fc 44-44.5 kHz, pulses curved and long characteristic section with downsweeping tails and pulses generally irregular ............................. M. schreibersii o.
7. If Fc 44-44.5 kHz, pulses curved, with pulses curved and short characteristic
section ................................................. V. darlingtoni/V.regulus/M. schreibersii o.
8. If Fc 44-47kHz, pulses curved and poor quality or very short/fast sequence .........
........................................................ V.darlingtoni/V.regulus/M.schreibersii o.
9. If Fc 44.5-47 kHz and pulses curved and not too fast to be search phase
sequence ...................................................................................... M. schreibersii o.

4. Vespadelus vulturnus / Chalinolobus morio / Nyctophilus sp. / Myotis macropus
group
1. If Fc 48-53.5 kHz, pulses curved, sequence several pulses long and numerous
clear up-sweeping tails (hooks)............................................................V. vulturnus
2. If Fc 48-52 kHz, pulses curved, sequence several pulses long and downsweeping tails evident with no apparent hooks ......................................... C. morio
3. If Fc 48-53.5 kHz, pulses curved, sequence short/unclear and with no obvious
hooks and no evidence of down-sweeps OR with mostly down-sweeps and only
~1 clear hook apparent ......................................................... V. vulturnus/C. morio
4. If pulses linear and relatively fast (usually weak [possible excitement] sequence)
and there is an apparent curtailing of the pulses at a relatively consistent
frequency at 50 kHz+ ........................................................... V. vulturnus/C. morio
5. If pulses linear and relatively fast (or not fast, but weak, and may be missing
pulses) and pulses mainly end at 48-50 kHz+ but end of pulses not definite .........
.................................... V. vulturnus/C. morio/ Nyctophilus spp./M. macropus
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6. If pulses linear, not necessarily fast, clear, no CF component, pulse interval >95
ms and initial slope <300 OPS (pulses usually end at ~35-45 kHz) .......................
............................................................................................... Nyctophilus spp.
7. If pulses linear, not necessarily fast, clear, no CF component, pulse interval <75
ms and initial slope >400 OPS (pulses usually end at ~35-40 kHz) .. M. macropus
8. If pulses linear, not necessarily fast, clear, no CF component, pulse interval 7595 ms, initial slope 300-400 OPS and pulses end at <48 kHz (usually <45 kHz) ..
......................................................................... Nyctophilus spp./M. macropus
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Appendix C. Call parameters of the search phase reference calls of species in four bat
echolocation call guilds, recorded with the Anabat 6 system, and measured in Analook.
Reference calls were used from the south coast of NSW where possible or from further
away if necessary (e.g. V. regulus and M. schreibersii oceanensis calls were not
obtainable close to the study area). Four adjacent calls (avoiding steep clutter calls)
within each call sequence were used to obtain average call parameter values. Sequence
averages for each parameter were pooled within guilds and guilds were compared using
analysis of variance and post-hoc tests. Values are means +/- standard deviations, below
which are the ranges. OS, open-space; ESL, edge-space, low-frequency; ESM, edgespace, medium-frequency; ESH, edge-space, high-frequency; n, number of sequences;
Fc, characteristic frequency; Dur., duration; Int., interval (or TBC: time between calls);
BW, bandwidth (maximum frequency – minimum frequency); S1, initial slope; Sc,
slope of characteristic section. Reference calls collected by Maria Adams, Brad Law, or
sourced from http://www.nationalparks.nsw.gov.au/batcalls (Pennay et al., 2004). Guild
names based on Schnitzler et al. (2003) classification of open-space (OS, except C.
gouldii - see text) and edge-space (three ES guilds plus C. gouldii) aerial foragers.
Mormopterus sp. 2 follows Adams et al. (1988).
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Guild
1.
OS

Species

Fc

Dur.

Int.

BW

S1

Sc

Chalinolobus gouldii

30.0±0.82

7.9±1.16

121.0±17.60

14.8±4.73

353.5±90.73

6.4±6.87

(n = 23)

28.4-31.0

5.7-10.1

96.1-175.1

7.6-24.9

192.2-511.4

-0.3-21.1

Mormopterus sp.2

31.0±0.88

8.4±1.81

259.9±87.24

1.7±0.30

17.3±28.97

0.8±0.97

(n = 10)

30.0-32.6

4.8-11.2

177.9-424-3

1.3-2.2

-39.5-52.8

-0.5-2.4

32.0±0.48

6.5±1.07

137.7±38.46

1.6±0.57

-15.1±20.13

0.4±1.02

31.3-32.7

4.8-8.2

112.5-227.6

0.8-2.4

-50.2-16.6

-0.2-2.9

Scoteanax rueppellii

35.1±0.56

7.5±1.33

117.0±15.69

20.9±4.61

270.6±85.64

19.6±13.21

(n = 5)

34.5-35.7

6.0-9.2

97.3-139.2

15.5-27.6

177.0-407.1

4.8-37.1

Scotorepens orion

35.9±1.30

7.6±2.04

118.8±42.64

31.2±7.67

372.8±64.73

33.1±24.12
7.7-64.2

M. norfolkensis
(n = 8)
2.
ESL

3.
ESM

4.
ESH

(n = 6)

33.8-36.9

5.2-11.0

69.6-189.0

20.0-42.2

294.3-448.4

Falsistrellus
tasmaniensis (n = 12)

36.8±0.71

7.4±1.22

106.2±15.39

27.6±4.85

274.9±83.50

14.2±13.10

35.4-38.1

5.6-9.8

75.3-124.2

17.3-35.0

110.0-365.2

-0.8-38.5

Vespadelus darlingtoni

41.8±1.12

7.6±0.69

100.8±6.82

20.3±5.78

440.8±99.78

1.7±2.18

(n = 10)

39.9-43.3

6.8-9.0

83.4-108.3

11.5-29.7

271.0-638.7

0.1-6.3

V. regulus

42.0±1.10

5.8±0.56

94.0±8.97

26.1±5.62

543.8±68.97

6.9±5.29

(n = 9)

40.7-43.3

4.9-6.5

81.8-105.1

19.8-37.7

453.6-643.7

1.6-18.8

Miniopterus
schreibersii
oceanensis (n = 15)

46.3±0.91

4.3±0.94

78.8±29.02

16.2±7.37

374.8±128.64

25.5±11.88

44.5-47.9

3.3-7.4

57.3-175.4

5.4-34.0

55.3-549.3

2.4-49.4

C. morio

49.9±1.39

4.7±0.95

85.7±17.33

20.4±7.89

433.4±105.52

23.8±15.37

(n = 16)

47.5-53.6

3.2-6.4

55.1-121.6

12.7-38.0

345.0-718.0

6.0-63.6

V. vulturnus

52.3±1.47

4.6±1.03

91.8±23.65

17.9±8.60

404.9±105.45

2.2±4.94

(n = 9)

50.4-54.2

3.3-6.3

69.7-149.4

7.3-36.1

182.5-564.1

-1.1-13.4

1<2<3<4

4<3<2=1

4=3<2<1

1<3=4<2

1<2<3=4

1<2=3=4

Comparison of guilds (P ≤ 0.05)
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and young regrowth), among strata (within-blocks; understorey, subcanopy and canopy) and among times (within-blocks; evening, night and dawn), at
ten sites (blocks) in forest only; for all bats, OS bats, ESM bats and ESH bats. Significant values (P or Greenhouse-Geiser P ≤ 0.05) are in bold.
All bats
Source
Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Time
Time x logging
Time x block(logging)
Stratum x time
Stratum x time x logging
Stratum x time x block(logging)

df
1
8
2
2
16
2
2
16
4
4
32

MS
1.995
0.923
2.774
0.586
0.178
0.117
0.044
0.079
0.039
0.024
0.032

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Time
Time x logging
Time x block(logging)
Stratum x time
Stratum x time x logging
Stratum x time x block(logging)

df
1
8
2
2
16
2
2
16
4
4
32

MS
1.336
0.390
0.934
0.295
0.065
0.069
0.057
0.055
0.033
0.065
0.015

OS bats

F
2.161

P
0.180

GG P

15.563
3.289

<0.001
0.064

<0.001
0.074

1.492
0.565

0.255
0.580

0.258
0.544

1.223
0.746

0.320
0.568

0.322
0.511

ESM bats
F
P
3.426
0.101

GG P

14.323
4.521

<0.001
0.028

0.001
0.045

1.237
1.024

0.317
0.382

0.312
0.369

2.125
4.211

0.101
0.008

0.131
0.020

MS
1.153
0.229
0.301
0.057
0.013
0.025
0.021
0.055
0.017
0.036
0.019
MS
0.191
0.571
1.454
0.425
0.203
0.058
0.006
0.106
0.062
0.031
0.033

F
5.039

P
0.055

GG P

22.609
4.278

<0.001
0.032

<0.001
0.050

0.450
0.388

0.645
0.684

0.626
0.664

0.892
1.874

0.480
0.139

0.452
0.168

ESH bats
F
P
0.335
0.579

GG P

7.160
2.092

0.006
0.156

0.009
0.165

0.548
0.053

0.588
0.948

0.513
0.870

1.889
0.941

0.137
0.453

0.172
0.423
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Appendix E. Results of partly nested repeated measures ANOVAs, comparing log(x+1) number of passes between logging types (between blocks; old
and young regrowth), among strata (within-blocks; understorey, subcanopy and canopy) and between locations (within-blocks; forest and track), at ten
sites (blocks) in the evening only; for all bats, ESL bats, ESM bats and ESH bats. Significant values (P or Greenhouse-Geiser P ≤ 0.05) are in bold.
df
1
8
2
2
16
1
1
8
2
2
16

MS
0.393
0.951
0.304
0.525
0.163
5.828
0.251
0.233
0.473
0.071
0.075

Source
Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Location
Location x logging
Location x block(logging)
Stratum x location
Stratum x location x logging
Stratum x location x block(logging)

df
1
8
2
2
16
1
1
8
2
2
16

MS
0.467
0.801
0.585
0.151
0.156
3.677
0.075
0.349
0.058
0.170
0.100

All bats
F
P
0.413
0.538

GG P

1.866
3.223

0.187
0.067

0.200
0.087

24.977
1.077

0.001
0.330

0.001
0.330

6.320
0.950

0.009
0.407

0.022
0.382

ESM bats
F
P
0.583
0.467

GG P

3.746
0.968

0.046
0.401

0.070
0.377

10.524
0.214

0.012
0.656

0.012
0.656

0.577
1.697

0.573
0.215

0.553
0.219

MS
0.633
0.207
0.042
0.088
0.019
0.186
0.193
0.049
0.030
0.002
0.021
MS
0.047
0.458
0.243
0.889
0.216
1.441
0.432
0.077
0.380
0.149

ESL bats
F
P
3.059
0.118

GG P

2.220
4.608

0.141
0.026

0.153
0.036

3.774
3.920

0.088
0.083

0.088
0.083

1.440
0.076

0.266
0.927

0.268
0.873

ESH bats
F
P
0.102
0.757

GG P

1.121
4.107

0.350
0.036

0.340
0.052

18.806
5.640

0.002
0.045

0.002
0.045

3.655
1.433
0.104

0.049
0.268

0.050
0.268
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Source
Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Location
Location x logging
Location x block(logging)
Stratum x location
Stratum x location x logging
Stratum x location x block(logging)

Appendix F

Appendix F. Results of partly nested repeated measures ANOVAs, comparing log(x+1) number
of insects at ten sites (blocks), between logging types (between-blocks; old and young regrowth)
and among strata (within-blocks; understorey, subcanopy and canopy) and either a) among
times (within-blocks; evening, night and dawn) in forest only or b) between locations (withinblocks; forest and track) in the evening only. Significant values (P or Greenhouse-Geiser P ≤
0.05) are in bold.
Source
Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Time
Time x logging
Time x block(logging)
Stratum x time
Stratum x time x logging
Stratum x time x block(logging)

df
1
8
2
2
16
2
2
16
4
4
32

INSECTS - All times, forest only
MS
F
P
GG P
3.366
2.950
0.124
1.138
1.085
8.102
0.004
0.013
0.101
0.752
0.487
0.438
0.134
0.357
2.179
0.146
0.169
0.046
0.278
0.761
0.665
0.164
0.010
0.731
0.577
0.534
0.010
0.772
0.552
0.513
0.013

Source
Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)
Location
Location x logging
Location x block(logging)
Stratum x location
Stratum x location x logging
Stratum x location x block(logging)

df
1
8
2
2
16
1
1
8
2
2
16

INSECTS - Both locations, evening only
MS
F
P
GG P
1.193
1.579
0.244
0.756
0.540
8.459
0.003
0.006
0.049
0.762
0.483
0.464
0.064
0.057
0.879
0.376
0.376
0.004
0.060
0.812
0.812
0.065
0.008
0.727
0.499
0.454
<0.001
0.018
0.982
0.947
0.012
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Appendix G. Estimated marginal means and 95% confidence intervals for individual vegetation
structure variables in old regrowth and young regrowth sites (n = 4 and 6, respectively) pooled
over locations, and forest and track locations (n = 10) pooled over regrowth sites. Means and
confidence intervals are back-transformed from log(x) values. % cover values are ordinal
scores, with increasing values indicating less cover; nearest stem values are in centimetres;
height and vertical gap values are in metres.
Variable
% cover - Canopy/Subcanopy (Can)
% cover - Understorey tree (UST)
% cover - Understorey shrub (USS)
% cover - Ground (G)
Nearest Can stem - nearest
Nearest Can stem - 2nd nearest
Nearest Can stem - 3rd nearest
Nearest Can stem - 4th nearest
Nearest UST stem - nearest
Nearest UST stem - 2nd nearest
Nearest UST stem - 3rd nearest
Nearest UST stem - 4th nearest
Nearest USS stem - nearest
Nearest USS stem - 2nd nearest
Nearest USS stem - 3rd nearest
Nearest USS stem - 4th nearest
Height - Can
Vertical gap - Can/ UST
Vertical gap - UST /USS
Vertical gap - USS/G

Old Regrowth
Mean
95% CI
2.7
2.3-3.2
4.3
3.9-4.7
4.1
3.7-4.5
3.5
2.6-4.5
435.5
369.8-511.7
629.5
533.3-741.3
843.3
727.8-977.2
1127.2
990.8-1279.4
226.5
183.2-279.9
325.1
252.9-416.9
444.6
345.9-571.5
644.2
514.0-809.1
118.6
94.2-149.6
166.7
125.3-221.8
218.3
160.0-297.9
299.9
223.4-402.7
30.1
25.6-35.2
5.9
4.6-7.6
0.9
0.4-2.0
0.5
0.2-1.0

Young Regrowth
Mean
95% CI
2.9
2.6-3.3
4.5
4.2-4.9
4.6
4.2-5.0
3.8
3.1-4.8
275.4
241.5-314.8
420.7
368.1-481.9
566.2
502.3-638.3
787.0
709.6-873.0
178.6
150.3-212.3
267.9
218.3-328.9
380.2
309.7-466.7
543.2
451.9-654.6
113.2
93.8-136.8
168.3
133.4-212.3
239.9
186.2-309.7
323.6
254.7-411.2
22.0
19.3-25.1
4.1
3.3-5.0
0.9
0.5-1.6
0.5
0.3-0.9
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Variable
% cover - Canopy/Subcanopy (Can)
% cover - Understorey tree (UST)
% cover - Understorey shrub (USS)
% cover - Ground (G)
Nearest Can stem - nearest
Nearest Can stem - 2nd nearest
Nearest Can stem - 3rd nearest
Nearest Can stem - 4th nearest
Nearest UST stem - nearest
Nearest UST stem - 2nd nearest
Nearest UST stem - 3rd nearest
Nearest UST stem - 4th nearest
Nearest USS stem - nearest
Nearest USS stem - 2nd nearest
Nearest USS stem - 3rd nearest
Nearest USS stem - 4th nearest
Height - Can
Vertical gap - Can/UST
Vertical gap - UST / USS
Vertical gap - USS /G
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Mean
2.8
4.2
4.2
3.0
331.1
496.6
656.1
899.5
194.5
280.5
385.5
534.6
119.1
169.8
216.8
279.9
25.7
5.2
1.0
0.5

Forest
95% CI
2.4-3.2
3.9-4.5
3.9-4.6
2.3-4.1
280.5-390.8
433.5-567.5
586.1-736.2
814.7-990.8
162.9-232.8
236.0-333.4
322.8-459.2
453.9-631.0
104.0-136.8
139.6-206.5
178.6-263.6
224.9-348.3
23.4-28.2
3.9-7.0
0.6-1.6
0.2-0.9

Mean
2.8
4.6
4.5
4.4
362.2
533.3
727.8
986.3
208.0
310.5
438.5
654.6
112.7
165.2
241.5
346.7
25.7
4.6
0.9
0.5

Track
95% CI
2.5-3.2
4.2-5.0
4.2-4.8
4.0-4.8
317.0-415.0
460.3-618.0
629.5-841.4
869.0-1119.4
175.8-246.0
253.5-380.2
359.7-533.3
553.4-774.5
92.5-137.7
133.0-205.6
188.4-309.7
286.4-420.7
22.5-29.4
4.0-5.3
0.4-1.6
0.3-0.9
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Appendix H. Results of repeated measures ANOVAs, comparing log(x+1) number of
passes between logging types (fixed: unthinned and thinned regrowth) and among strata
(fixed: understorey, subcanopy and canopy), within three seasonal blocks (random: 1
replicate of each factor combination in each block); for all bats, ESM bats and ESH
bats. Greenhouse-Geiser P-values (GG P) were used when they differed from P.
All bats
Source
Block
Logging
Logging x block
Stratum
Stratum x block
Logging x stratum
Logging x stratum x block

df
2
1
2
2
4
2
4

MS
0.573
0.398
0.832
0.656
0.355
0.010
0.118

Source
Block
Logging
Logging x block
Stratum
Stratum x block
Logging x stratum
Logging x stratum x block

df
2
1
2
2
4
2
4

MS
0.352
0.012
1.048
0.226
0.084
0.046
0.086

Source
Block
Logging
Logging x block
Stratum
Stratum x block
Logging x stratum
Logging x stratum x block

df
2
1
2
2
4
2
4

MS
0.516
0.281
1.013
0.253
0.284
0.125
0.118

F

P

0.478

0.561

1.849

0.270

0.299

0.088

0.917

0.912

ESM bats
F
P

GG P

GG P

0.012

0.923

2.674

0.183

0.241

0.535

0.622

0.549

ESH bats
F

P

GG P

0.278

0.651

0.891

0.479

0.455

1.060

0.427

0.414
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vegetation structure variables in unthinned (UR) and thinned (TR) regrowth sites (n = 3). Cover values are ordinal scores (increasing values
indicating less cover); nearest stem values, cm; height and vertical gap values, m. Significant differences (P ≤ 0.05) are shown in bold.
UR
Variable
Cover - Canopy/Subcanopy (Can)
Cover - Understorey tree (UST)
Cover - Understorey shrub (USS)
Cover - Ground (G)
Nearest stem - Can - nearest
Nearest stem - Can - 2nd nearest
Nearest stem - Can - 3rd nearest
Nearest stem - Can - 4th nearest
Nearest stem - UST - nearest
Nearest stem - UST - 2nd nearest
Nearest stem - UST - 3rd nearest
Nearest stem - UST - 4th nearest
Nearest stem - USS - nearest
Nearest stem - USS - 2nd nearest
Nearest stem - USS - 3rd nearest
Nearest stem - USS - 4th nearest
Height - Can
Vertical gap - Can/ UST
Vertical gap - UST / USS
Vertical gap - USS /G

Mean
2.6
4.5
5.0
3.5
232.4
381.9
503.6
718.3
161.0
250.3
347.8
491.5
132.0
196.8
263.6
344.7
23.3
6.2
1.4
0.4

TR
95% CI
1.5-4.7
3.4-5.9
5.0-5.0
1.5-8.3
129.0-418.6
258.2-564.7
331.5-765.2
539.8-955.9
79.1-327.6
134.3-466.3
186.8-647.3
228.7-1056.3
75.5-230.7
93.5-414.3
122.8-565.7
155.2-765.1
16.6-32.8
4.5-8.4
0.2-8.0
0.02-11.8

Mean
3.1
4.6
4.0
2.9
299.8
450.3
571.6
749.0
185.4
264.7
373.8
504.9
112.8
164.8
212.9
261.7
20.8
3.1
0.6
0.4

95% CI
1.7-5.6
3.4-6.4
4.0-4.0
1.2-6.9
207.4-433.4
276.9-732.3
399.5-818.1
477.9-1173.8
98.1-350.4
137.9-508.3
176.3-792.3
309.8-822.8
68.2-186.5
69.1-392.7
110.0-412.1
126.0-543.4
18.2-23.7
2.4-4.0
0.1-3.8
0.02-6.0

t
-0.885
-0.357
2.4E+014
0.706
-1.580
-1.138
-0.989
-0.339
-0.637
-0.268
-0.318
-0.128
0.900
0.668
0.910
1.096
1.361
7.293
1.473
0.196

P
0.426
0.739
<0.001
0.519
0.189
0.319
0.378
0.752
0.559
0.802
0.766
0.905
0.419
0.541
0.414
0.335
0.245
0.002
0.215
0.854
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Appendix I. Means, 95% confidence intervals (back-transformed from log(x+1) values ) and results of paired t-tests comparing individual

Appendix J

Appendix J. Summary of statistical tests conducted for: a) multivariate insect
assemblages; b) size distribution variables for insects and Lepidoptera; and c) the
abundance and/or relative abundance of insects, Lepidoptera and macromoths. Analyses
compared old (n = 4) and young (n = 4, 5 or 6, depending on whether the statistical
program accepted sites with missing data) regrowth sites and understorey, subcanopy
and canopy strata, in samples collected in the evening period, inside the forest.

a) Results and related MDS plots for analysis of similarities (ANOSIM2), using
multivariate data for insect assemblages in evening forest samples, for old regrowth and
young regrowth separately. Site and within-site strata (canopy, subcanopy and
understorey) were the factors analysed (no replication). Bray-Curtis similarities were
used on untransformed data. There were thirteen variables (insect orders): Diptera
(39.6% of 2206 insects), Lepidoptera (25.4%), Coleoptera (15.6%), Hemiptera (10.9%),
Hymenoptera (5.8%), Isoptera (0.7%), Psocoptera (0.5%), Dermaptera (0.5%),
Blattodea (0.2%), Trichoptera (0.2%), Orthoptera (0.09%), Odonata (0.05%) and
unidentifiable specimens (0.3%).

Global R

P

OR
Stratum
Site

< 0.001
0.181

0.431
0.200

YR
Stratum
Site

-0.100
0.189

0.659
0.165
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Old regrowth
Stress: 0.05

Understorey
Subcanopy
Canopy

Young regrowth
Stress: 0.07

Understorey
Subcanopy
Canopy
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b) Estimated marginal means, 95% confidence intervals, and results of partly nested ANOVAs,
comparing variables relating to the size distribution of all insects and Lepidoptera, at nine sites
(blocks), between logging types (between-blocks; old (OR) and young (YR) regrowth) and
among strata (within-blocks; understorey, subcanopy and canopy). Variables are mean, standard
deviation, median, 75th percentile, skewness and kurtosis of body length (mm), and three
measures of biomass (mg). Body length was measured using a stereomicroscope and a grid with
a resolution of 1 mm. Size distributions used nine size classes: < 2.0, 2.0-3.9, 4.0-5.9, 6.0-7.9,
8.0-9.9, 10.0-14.9, 15.0-19.9, 20.0-29.9 and 30.0-39.9 mm. Midpoints of the size classes (1, 3,
etc.) were used to calculate values for all variables. Biomass estimates were calculated using
regression equations developed by three authors using insect body length and weight data. In all
cases, a power model best described insect length-weight relationships. The Gowing and Recher
(1984) equation was based on insects collected from eastern Australian forests but used only
three insect orders (Diptera, Hymenoptera and Coleoptera) and a small body length range (1-18
mm). The Rogers et al. (1976) equation used insects from a grassland biome site in southcentral Washington, USA and included more insect orders (seven), including Lepidoptera, and a
wider range of insect body length (0.5-36 mm). Sample et al. (1993) used insects from ten
orders collected from forests in eastern West Virginia, USA, to develop separate coefficients for
a number of these orders (including Lepidoptera). Forest evening samples only. Significantly
different means (P or GG-P ≤ 0.05) are in bold and distinguished by different letters, with mean
values decreasing progressively from a-b.
Variable
Mean (mm)

SD (mm)

Median
(mm)

Insects
95% CI
3.0-3.7
2.7-3.3

Lepidoptera
Mean
95% CI
5.1
3.8-6.5
5.4
4.1-6.8

Treatment
OR
YR

Mean
3.3
3.0

Understorey
Subcanopy
Canopy
OR
YR

3.8a
2.9b
2.8b
3.1
2.9

3.3-4.3
2.6-3.3
2.3-3.3
2.5-3.7
2.4-3.4

6.4a
4.9b
4.5b
3.4
3.2

5.0-7.8
3.6-6.3
3.8-5.3
2.1-4.8
1.8-4.5

Understorey
Subcanopy
Canopy
OR
YR

3.8
2.9a,b
2.4b
2.6
2.4

a

3.1-4.4
2.3-3.5
1.6-3.1
2.3-3.0
2.1-2.7

4.4
3.0
2.4
4.5
4.7

2.8-6.0
1.6-4.5
1.0-3.8
3.7-5.3
3.9-5.5

Understorey
Subcanopy
Canopy

2.9a
2.3b
2.4b

2.5-3.3
2.1-2.5
2.0-2.7

5.1
4.4
4.3

4.4-5.9
3.5-5.2
3.6-5.0
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Variable
75th perc.
(mm)

Skewness

Kurtosis

Biomass
Rogers
(mg)

Biomass
Gowing
(mg)

Biomass
Sample
(mg)
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Insects
95% CI
4.0-5.2
3.6-4.7

Lepidoptera
Mean
95% CI
6.3
4.4-8.1
7.1
4.9-9.2

Treatment
OR
YR

Mean
4.6
4.1

Understorey
Subcanopy
Canopy
OR
YR

5.1
4.1b
4.0b
2.2
2.5

4.3-5.9
3.5-4.6
3.4-4.6
1.2-3.3
1.5-3.4

7.9
6.2
5.8
1.2
1.0

5.4-10.5
4.8-7.6
4.8-6.9
0.5-1.8
0.4-1.7

Understorey
Subcanopy
Canopy
OR
YR

2.4
2.6
2.0
7.0
8.9

1.7-3.1
1.5-3.7
1.2-2.8
-0.1-14.0
2.6-15.2

1.6
0.8
0.8
2.7
1.7

0.6-2.6
0.1-1.6
0.1-1.6
-0.1-5.5
-1.6-4.9

Understorey
Subcanopy
Canopy
OR
YR

8.0
9.6
6.2
286.7
185.0

3.8-12.2
1.3-17.9
1.2-11.2
145.0-428.4
58.3-311.7

4.0
1.2
1.4
135.5
100.2

-0.7-8.6
-1.3-3.7
-0.9-3.7
66.2-204.7
38.3-162.1

Understorey
Subcanopy
Canopy
OR
YR

479.4a
b
131.4
b
96.7
156.8
101.1

262.1-696.8
81.1-181.8
23.3-170.2
80.3-233.3
32.6-169.5

249.1a
b
61.1
43.3b
73.0
53.9

129.7-368.6
18.3-103.9
15.6-71.0
39.0-107.1
23.4-84.3

Understorey
Subcanopy
Canopy
OR
YR

253.9a
73.9b
59.0b
231.7
135.9

144.1-363.8
46.4-101.4
15.2-102.9
115.4-347.9
31.9-239.9

129.8a
33.8b
26.8b
110.4
79.5

74.9-184.8
11.7-55.9
9.7-43.8
38.3-182.4
15.0-143.9

Understorey
Subcanopy
Canopy

390.7a
97.6b
63.1b

193.1-588.4
63.6-131.5
16.3-109.9

213.2a
45.6b
25.9b

78.6-347.9
9.5-81.6
8.4-43.5

a
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c) Estimated marginal means, 95% confidence intervals, and results of partly nested ANOVAs,
comparing the abundance of all insects, Lepidoptera and macromoths; and relative abundance of
Lepidoptera and macromoths (as proportions of all insects), at nine sites (blocks), between
logging types (between-blocks; old (OR) and young (YR) regrowth) and among strata (withinblocks; understorey, subcanopy and canopy). Forest evening samples only. Significantly
different means (P or GG-P ≤ 0.05) are in bold and distinguished by different letters, with mean
values decreasing progressively from a-b.
Abundance (no. of individuals)
Insects
Treatment
Mean
95% CI
OR
96.0
42.8-149.2
YR
68.1
20.5-115.6
Understorey
69.8-155.4
112.6a
b
Subcanopy
35.5-88.2
61.8
b
Canopy
24.0-119.3
71.6
*Macromoths logging x stratum
interaction
Understorey
Subcanopy
Canopy

Lepidoptera
Mean
95% CI
25.4
11.2-39.6
16.2
3.5-28.9

Macromoths
Mean
95% CI
16.0
8.9-23.1
8.5
2.1-14.8

32.5a
12.2b
17.7b

17.4-47.6
6.3-18.2
6.1-29.3

20.7a*
7.0b*
9.0b*

95% CI
13.7-44.3
0.2-15.8
0.4-21.6

Mean
12.4
6.0
7.0

OR
Mean
29.0a
8.0b
11.0b

14.4-27.0
3.3-10.7
2.1-15.9
YR
95% CI
4.3-20.5
0.4-11.6
0-19.5

Relative abundance
Treatment
OR
YR
Understorey
Subcanopy
Canopy

Lepidoptera / insects
Mean
95% CI
0.27
0.19-0.34
0.22
0.15-0.28
0.27
0.21
0.24

0.21-0.34
0.15-0.27
0.15-0.32

Macromoths / insects
Mean
95% CI
0.16
0.11-0.21
0.11
0.06-0.16
0.18a
0.11b
0.11a,b

0.15-0.22
0.07-0.15
0.04-0.17
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Appendix K. Site occupancy for eared and earless macromoth taxa, and results of analysis of
similarities.

a) Site occupancy for eared and earless macromoth taxa in old (OR) and young (YR) regrowth,
and understorey (U), subcanopy (S) and canopy (C) strata. The night length-adjusted abundance
of all macromoths was 810.3 (unadjusted abundance: 980). There were nineteen macromoth
taxa: seven eared families, one earless superfamily (Gelechioidea) and eleven earless families.
The values provided for each taxon are the number of sites occupied for each logging/stratum
category and the percentage abundance of the night length-adjusted abundance of all
macromoths.
Taxon
Eared
Pyralidae
Arctiidae
Noctuidae
Geometridae
Notodontidae
Lymantriidae
Oenosandridae
Earless
Gelechioidea
Tortricidae
Cossidae
Tineidae
Psychidae
Anthelidae
Zygaenidae
Hepialidae
Limacodidae
Lasiocampidae
Sphingidae
Plutellidae
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OR U

OR S

OR C

YR U

YR S

YR C

% of total abun.

4
4
4
4
3
3
0

4
3
3
2
0
1
0

4
4
3
2
0
0
0

6
6
6
6
4
3
0

4
4
4
3
1
1
1

5
2
3
2
0
0
0

28.0
13.7
9.2
9.0
1.6
1.1
0.1

4
4
0
3
3
2
2
2
1
1
1
0

4
3
0
1
0
0
0
0
0
1
0
1

4
4
0
1
1
0
0
0
0
0
0
0

6
5
1
1
2
3
2
2
1
2
0
0

3
2
1
0
0
0
0
0
0
0
0
0

5
4
1
2
0
0
0
0
0
1
0
0

23.9
7.5
1.1
0.9
0.8
0.7
0.6
0.6
0.5
0.5
0.1
0.09
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Results of analysis of similarities, using multivariate data for macromoth assemblages in forest
samples. Bray-Curtis similarities were used on untransformed and presence-absence data; n = 4
for old regrowth, n = 3, 5 or 6 for young regrowth (depending on whether data were
missing/absent from samples). Two sets of analyses were conducted for all, eared and earless
macromoths: b) one-way ANOSIM was used to compare assemblages between logging types
(old and young regrowth), in each stratum separately; and c) ANOSIM2 was used to compare
assemblages among sites and within-site strata (understorey, subcanopy and canopy), in each
logging type separately (two factors, no replication). Significantly different assemblages (P ≤
0.05) are in bold.
b) Logging type comparison
All

Understorey
Subcanopy
Canopy

Untransformed
Rho
P
0.317
0.038
-0.131
0.838
-0.088
0.667

Eared

Understorey
Subcanopy
Canopy

0.111
-0.179
-0.100

0.238
0.933
0.738

-0.113
-0.252
0.031

1.000
1.000
0.310

Earless

Understorey
Subcanopy
Canopy

0.131
-0.056
-0.081

0.195
0.657
0.611

-0.161
-0.111
-0.144

0.810
1.000
0.968

c) Stratum and site comparison
All

Eared

Earless

Presence-absence
Rho
P
-0.155
0.857
-0.169
0.948
-0.163
0.857

OR

Stratum
Site

Untransformed
Rho
P
0.667
0.084
0.010
0.480

Presence-absence
Rho
P
-0.250
0.857
-0.224
0.724

YR

Stratum
Site

0.100
-0.043

0.372
0.577

-0.223
0.050

0.966
0.388

OR

Stratum
Site

0.750
0.124

0.049
0.293

-0.311
0.076

1.000
0.367

YR

Stratum
Site

-0.137
-0.005

0.656
0.478

-0.096
0.113

0.554
0.198

OR

Stratum
Site

-0.083
-0.048

0.635
0.566

-0.167
-0.035

0.652
0.549

YR

Stratum
Site

-0.333
-0.182

0.943
0.714

-0.333
0.577

0.947
0.083
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(between blocks; old and young regrowth) and among strata (within-blocks; understorey, subcanopy and canopy), including breakdown of a significant
interaction (indicated by *), at nine sites (blocks) in the forest only, sampling times totalled and standardised. Significant values (P or GreenhouseGeiser P ≤ 0.05) are in bold. Abundance of eared, earless and common families of macromoths were log(x + 1)-transformed before analysis.
Source

df

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

MS
F
P
GG P
Relative abundance – macromoths/insects
<0.001
0.038
0.851
0.007
0.011
6.727
0.009
0.019
0.002
1.485
0.260
0.264
0.002
Eared macromoth abundance
0.238
0.968
0.358
0.246
0.790
14.097
<0.001
0.001
0.003
0.058
0.944
0.917
0.056
Eared macromoth taxonomic richness
0.474
0.164
0.698
2.895
17.269
13.557
0.001
0.002
0.602
0.472
0.633
0.578
1.274
Eared macromoth Shannon-Wiener diversity
0.036
0.126
0.733
0.284
0.896
6.455
0.010
0.022
0.208
1.497
0.258
0.262
0.139

MS

F

P

GG P

Earless macromoth abundance
0.549
3.618
0.099
0.152
0.781
17.523
<0.001
0.001
0.049
1.101
0.360
0.348
0.045
Earless macromoth taxonomic richness
4.817
1.758
0.227
2.740
25.580
14.460
<0.001
0.004
1.506
0.851
0.448
0.403
1.769
Earless macromoth Shannon-Wiener diversity
0.120
0.648
0.447
0.185
0.638
6.678
0.009
0.020
0.014
0.143
0.868
0.797
0.096
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Appendix L. Results of partly nested repeated measures ANOVAs, comparing all, eared and earless macromoth variables between logging types

df

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Block
Stratum
Stratum x block

3/4
2
6/8

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

Logging
Block(logging)
Stratum
Stratum x logging
Stratum x block(logging)

1
7
2
2
14

MS
F
P
GG P
Relative abundance – earless/all macromoths
0.057
1.011
0.348
0.057
0.093
5.655
0.016
0.038
0.045
2.718
0.101
0.132
0.016
*Rel. tax. richness – earless/all m’moths - OR
0.003
0.003
0.132
0.879
0.815
0.026
Arctiidae abundance (eared)
0.091
0.415
0.540
0.219
0.607
11.691
0.001
0.002
0.007
0.125
0.883
0.852
0.052
Noctuidae abundance (eared)
0.014
0.067
0.803
0.212
0.190
3.183
0.073
0.101
0.033
0.553
0.587
0.522
0.060
Gelechioidea abundance (earless)
0.324
2.481
0.159
0.130
0.483
9.474
0.003
0.004
0.081
1.595
0.238
0.242
0.051

MS
F
P
GG P
Relative tax. richness – earless/all macromoths
0.036
8.775
0.021
0.004
0.072
3.174
0.073
0.075
0.093
4.076
0.040
*0.042
0.023
*Rel. tax. richness – earless/all m’moths - YR
0.005
0.181
8.827
0.009
0.030
0.021
Geometridae abundance (eared)
0.021
0.160
0.701
0.131
0.970
24.424
<0.001
<0.001
0.105
2.656
0.105
0.118
0.040
Pyralidae abundance (eared)
0.406
2.681
0.146
0.151
0.398
6.217
0.012
0.028
0.037
0.584
0.571
0.507
0.064
Tortricidae abundance (earless)
0.467
5.047
0.059
0.093
0.252
4.385
0.062
0.033
0.059
1.019
0.386
0.360
0.057
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Appendix M

Appendix M. Characteristic frequency (Fc) and duration (Dur.) call parameters for nine
reference call sequences of Vespadelus vulturnus, recorded with the Anabat 6 system,
and measured in Analook. Reference sequences were collected from the south coast of
NSW. All good quality calls, including approach calls (but avoiding initial release
calls), within a sequence were used to obtain average call parameter values for each
sequence and all calls combined. Values are means +/- standard deviations, below
which are the ranges. Reference calls collected by Maria Adams, Brad Law, or sourced
from http://www.nationalparks.nsw.gov.au/batcalls (Pennay et al., 2004).
Sequence No. of calls
1.

16

Fc

49.9±0.69 4.6±0.58
48.5-51.1

2.

47
22
14
14
18
11
17
9
168

2.8-4.0

51.8±1.67 4.4±1.19
48.5-55.4
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3.1-4.4

53.8±0.64 3.4±0.40
52.8-54.6

All calls

1.7-5.1

54.3±0.56 3.7±0.36
53.2-55.4

9.

2.0-4.8

50.4±0.42 4.0±0.98
49.5-51.1

8.

3.3-6.6

53.5±0.47 3.4±0.81
52.5-54.1

7.

3.5-5.6

50.5±0.78 5.7±0.91
49.4-51.6

6.

2.7-4.5

52.0±0.65 4.7±0.67
50.5-53.2

5.

2.1-7.3

52.9±0.50 3.8±0.43
51.4-53.5

4.

3.6-5.9

50.6±0.81 5.1±1.47
49.1-52.3

3.

Dur.

1.7-7.3
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Appendix N. Vespadelus vulturnus light-tagging study – assessment of trap samples.

Comparison of sex ratio, age-class ratio, forearm length and mass between logging
treatments and among sampling weeks
Likelihood ratio tests were used to determine if the sex or the age class of trapped bats
was dependent on logging treatment or the week of sampling. Separate tests were used
for the latter two factors because both logging treatments were not sampled in all
sampling weeks (in Study 1). Sex and age class were not included in the same tests of
association with logging treatment or sampling week (using three-way chi-square tests
or log-linear analyses) because this consistently produced expected frequency values <
1 (Field 2005). Student t-tests and analysis of variance (ANOVA) were used to compare
mean forearm length and mean mass of trapped bats between logging treatments and
sampling weeks, as appropriate. Because of time restrictions on some field trips, not all
bats that were trapped were also sexed, aged, measured for forearm length or weighed;
relevant sample sizes for each variable are provided in figures.

2002

OR

YR
Ratio

Sex ratio (M:F)
Logging
Sampling week

60:40

Age-class ratio (Ad.:Juv.)
Logging
Sampling week

67:33

Forearm (mm)

Logging
Sampling week

d.f.

P

0.206
5.074

1
2

0.650
0.079

0.426
3.178

1
1

0.514
0.075

t

d.f.

P

-0.750
0.892

89
88

0.455
0.413

1.356
1.060

63
63

0.180
0.293

55:45

58:42

Mean (SD)
Range
28.0 (0.9) 28.1 (0.8)
26.1-29.8 26.4-30.4

Logging
Sampling week
Mass (g)

Lχ2

3.5 (0.3)

3.6 (0.3)

3.2-4.5

2.8-4.7
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Figures, showing proportions or means (and SDs) of different variables—a) sex; b) age
class; c) forearm length (mm); and d) mass (g)—for Vespadelus vulturnus bats trapped
in individual and combined old and young regrowth sites. Individual sites are presented
in order of sampling date. Sampling ‘weeks’ (for morning of bat collection) were 23-25
Jan. 2002 for LF and OC, 2-4 Feb. 2002 for Moun and Shan, and 15-20 Feb. 2002 for
Flet, CC, MtAg, Bark and Mrang. Asterisks indicate old regrowth sites. Sample size (in

Proportion of individuals

1.0

Proportion of individuals

parentheses) follows the site/s name. OR = old regrowth; YR = young regrowth.

1.0

a) Sex

0.8
0.6

male

0.4

female

0.2

All YR (47)

* All OR (45)

* Mrang (14)

Bark (7)

* MtAg (4)

CC (14)

* Flet (8)

Shan (10)

Moun (8)

b) Age class

0.8
0.6

adult

0.4

juvenile

0.2

All YR (36)

* All OR (24)

* Mrang (13)

Bark (6)

* MtAg (3)

CC (12)

* Flet (8)

Shan (10)

Moun (8)

OC (0)

0.0

* LF (0)
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OC (8)

* LF (19)

0.0

Mean forearm length (mm)
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30.0

c) Forearm length

29.0
28.0
27.0
26.0
25.0

* All OR
(45)

All YR
(46)
All YR
(39)

* Mrang
(14)
* Mrang
(14)

* All OR
(26)

Bark (7)

* MtAg
(4)

CC (14)

* Flet (8)

Shan (9)

Moun (8)

Bark (7)

Mean mass (g)

4.5

OC (8)

* LF (19)

24.0

d) Mass

4.0
3.5
3.0
2.5

* MtAg
(4)

CC (14)

* Flet (8)

Shan
(10)

Moun (8)

OC (0)

* LF (0)

2.0

2003

Sex ratio (M:F)
Logging
Sampling week
Age-class ratio (Ad.:Juv.)
Logging
Sampling week

Forearm (mm)
Logging
Sampling week

Unthinned
Thinned
Ratio
68:32
63:37

67:33

Lχ2

d.f.

P

0.172
2.234

1
1

0.679
0.135

0.008
0.770

1
1

0.930
0.380

t

d.f.

P

-0.203
0.257

54
54

0.840
0.798

66:34

Mean (SD)
Range
28.1 (0.8)
28.2 (0.9)
25.4-29.5
26.4-29.8
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Figures, showing proportions or means (and SDs) of different variables—a) sex; b) age
class; and c) forearm length (mm)—for Vespadelus vulturnus bats trapped in individual
and combined unthinned and thinned regrowth sites. Sampling ‘weeks’ (for morning of
bat collection) were 2-4 Feb. 2003 for ST, MR and LC, and 25 Feb.–1 Mar. 2003 for
BW/E, SG and LTC. Asterisks indicate unthinned regrowth sites. Sample size (in
parentheses) follows the site/s name. un = unthinned regrowth; th = thinned regrowth.

a) Sex
Proportion of individuals

1.0
0.8
0.6

male

0.4

female

0.2

Proportion of individuals

1.0

All th
(35)

* All un
(28)

LTC (11)

* SG (9)

BW/E
(18)

* LC (14)

MR (6)

* ST (5)

0.0

b) Age class

0.8
0.6

adult

0.4

juvenile

0.2
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All th
(29)

* All un
(24)

LTC (5)

* SG (5)

BW/E
(18)

* LC (14)

MR (6)

* ST (5)

0.0

All th
(29)

* All un
(27)

LTC (5)

* SG (8)

BW/E
(18)

* LC (14)

MR (6)

* ST (5)

Mean forearm length (mm)
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c) Forearm length

30.0

29.0

28.0

27.0

26.0

25.0
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Appendix O

Appendix O. Results for the site effect in two-way analyses of variance, comparing
different bat behaviour variables for main effects of logging (fixed) and site (random)
factors, in Circle30 and Circle50, for Study 1. Vespadelus vulturnus individuals were
used as replicates. Data were averaged among strata when appropriate. Type III sums of
squares were calculated. FO, number of flight observations; dur., duration; *, could not
be calculated, as MS error = 0.

Circle30
Variable
FO pooled strata

Site
Error
Stratum use
Site
Error
Stratum breadth
Site
Error
Stratum selection
Site
Error
No. of horizontal returns Site
Error
No. of vertical returns
Site
Error
Log FO / stratum change Site
Error
No. of bouts all strata
Site
Error
No. of bouts 5 strata
Site
Error
Log bout dur. all strata
Site
Error
Log bout dur. 5 strata
Site
Error
Log bout dur. 2 strata
Site
Error
Latency to the perimeter Site
Error
Rate of movement
Site
Error
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SS
d.f.
160.337
7
1063.274 33
6.413
7
42.513
33
3.321
7
19.624
33
9.887
5
83.907
18
0.762
3
9.333
5
0.667
2
0
1
0.627
7
2.226
33
3.811
7
32.092
33
0.152
7
1.284
33
0.138
7
1.807
33
0.073
7
0.436
33
0.138
6
0.785
12
4603.991
7
14959.167 22
1.962
7
8.459
22

MS
22.905
32.220
0.916
1.289
0.474
0.595
1.977
4.662
0.254
1.867
0.333
0
0.090
0.067
0.544
0.972
0.022
0.039
0.020
0.055
0.010
0.013
0.023
0.065
657.713
679.962
0.280
0.385

F
0.711

P
0.663

0.711

0.663

0.798

0.595

0.424

0.826

0.136

0.934

*

*

1.327

0.269

0.560

0.783

0.560

0.783

0.360

0.919

0.787

0.603

0.352

0.895

0.967

0.478

0.729

0.650
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Circle50
Variable
FO pooled strata

Site
Error
Stratum use
Site
Error
Stratum breadth
Site
Error
Stratum selection
Site
Error
Horizontal return freq.
Site
Error
Vertical return freq.
Site
Error
Log FO / stratum change Site
Error
No. of bouts all strata
Site
Error
No. of bouts 5 strata
Site
Error
Log bout dur. all strata
Site
Error
Log bout dur. 5 strata
Site
Error
Log bout dur. 2 strata
Site
Error
Latency to the perimeter Site
Error
Rate of movement
Site
Error

SS
1318.629
2872.482
52.745
114.899
5.553
16.725
62.999
134.441
11.962
22.667
3.000
5.667
0.779
2.043
17.513
46.389
0.701
1.856
0.194
1.090
0.146
0.416
0.224
0.792
4401.667
8441.667
1.868
5.648

d.f.
7
33
7
33
7
33
5
10
4
6
4
6
7
33
7
33
7
33
7
33
7
33
6
16
6
8
6
8

MS
188.376
87.045
7.535
3.482
0.793
0.507
12.600
13.444
2.990
3.778
0.750
0.944
0.111
0.062
2.502
1.406
0.100
0.056
0.028
0.033
0.021
0.013
0.037
0.050
733.611
1055.208
0.311
0.706

F
2.164

P
0.064

2.164

0.064

1.565

0.181

0.937

0.497

0.792

0.571

0.794

0.570

1.798

0.121

1.780

0.125

1.780

0.125

0.838

0.564

1.657

0.154

0.754

0.615

0.695

0.662

0.441

0.833
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Appendix P. Results of Runs tests for the effect of the total number of flight
observations of Vespadelus vulturnus individuals in different analyses.

Study 1 – old and young regrowth
Stratum use, stratum breadth, number of flight observations per stratum change,
number of single-stratum bouts for pooled and five strata, and bout duration for pooled,
five and two strata
Results of Runs tests performed on flight observations made in each of five strata —
understorey shrub (USS), understorey tree (UST), subcanopy (SC), canopy (Can) and
above-canopy (AbC) — for analysis of stratum use, stratum breadth, the number of
flight observations per stratum change, the number of single-stratum bouts in pooled
and five strata, and the duration of these flight bouts in pooled, five and two strata. Tests
were performed for Circle30 and Circle50, in separate logging treatments. The mean
percentage was used as the cut point. OR, old regrowth; YR, young regrowth; *, no
Runs test was performed, as all values were equal.

Stratum use

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
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USS

UST

OR
SC

0.0
0
18
18
1*

2.2
12
6
18
10
0.28
0.78

5.4
10
8
18
9
-0.19
0.85

1.3
12
6
18
8
-0.28
0.78

0.8
16
2
18
4
-0.08
0.94

0.3
23
1
24
3
0.0
1.00

2.5
15
9
24
8
-1.7
0.09

5.6
13
11
24
8
-1.9
0.06

1.0
16
8
24
13
0.4
0.69

0.5
21
3
24
7
0.3
0.80

0.0
0
18
18
1*

3.9
10
8
18
8
-0.68
0.49

7.4
12
6
18
8
-0.28
0.78

2.2
12
6
18
11
0.83
0.41

1.5
15
3
18
7
0.46
0.64

0.5
22
2
24
4
-0.26
0.80

3.4
16
8
24
12
0.00
1.00

8.8
16
8
24
8
-1.50
0.14

1.9
17
7
24
12
0.30
0.77

0.6
21
3
24
7
0.25
0.80

Can

AbC

USS

UST

YR
SC

Can

AbC
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Stratum breadth

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

OR

YR

1.9
5
13
18
6
-1.06
0.29

2.0
5
19
24
8
-0.27
0.79

2.1
14
4
18
9
0.92
0.36

2.2
18
6
24
10
0.00
1.00

Number of flight observations per stratum change

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

OR

YR

4.2
10
8
18
10
0.00
1.00

4.3
17
7
24
8
-1.23
0.22

5.4
11
7
18
10
0.00
1.00

4.7
12
12
24
8
-1.88
0.06

299

Appendix P

Number of single-stratum bouts – pooled strata

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

OR

YR

2.1
15
3
18
4
-1.38
0.17

2.04
19
5
24
5
-2.21
0.03

2.4
13
5
18
8
0.00
1.00

2.6
14
10
24
6
-2.65
0.008

Number of single-stratum bouts – five strata

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
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USS

UST

OR
SC

0.0
0
18
18
1*

0.6
8
10
18
10
0.00
1.00

1.1
16
2
18
5
0.00
1.00

0.3
12
6
18
8
-0.28
0.78

0.1
16
2
18
4
-0.08
0.94

0.1
23
1
24
3
0.00
1.00

0.6
9
15
24
11
-0.34
0.74

1.0
3
21
24
6
0.00
1.00

0.2
18
6
24
13
1.41
0.16

0.1
21
3
24
7
0.25
0.80

0.0
0
18
18
1*

0.7
7
11
18
8
-0.54
0.59

1.2
15
3
18
4
-1.38
0.17

0.3
12
6
18
11
0.83
0.41

0.2
15
3
18
7
0.46
0.64

0.1
22
2
24
4
-0.26
0.80

0.9
8
16
24
10
-0.55
0.58

1.1
19
5
24
7
-0.92
0.36

0.3
16
8
24
12
0.00
1.00

0.1
21
3
24
7
0.25
0.80

Can

AbC

USS

UST

YR
SC

Can

AbC
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Duration of single-stratum bouts – pooled strata

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

OR

YR

6.2
11
7
18
9
-0.03
0.98

6.1
16
8
24
6
-2.44
0.02

6.7
10
8
18
10
0.00
1.00

6.0
12
12
24
8
-1.88
0.06

Duration of single-stratum bouts – five strata

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

USS

UST

OR
SC

0.0
0
18
18
1*

2.6
13
5
18
10
0.79
0.43

5.5
10
8
18
9
-0.19
0.85

2.2
12
6
18
8
-0.28
0.78

0.7
16
2
18
4
-0.08
0.94

0.2
23
1
24
3
0.00
1.00

2.3
15
9
24
8
-1.68
0.09

6.9
16
8
24
12
0.00
1.00

1.2
19
5
24
11
1.03
0.30

0.8
21
3
24
7
0.25
0.80

0.0
0
18
18
1*

3.6
12
6
18
10
0.28
0.78

6.6
10
8
18
12
0.79
0.43

2.1
12
6
18
11
0.83
0.41

1.0
15
3
18
7
0.46
0.64

0.3
22
2
24
4
-0.26
0.80

2.7
14
10
24
12
-0.07
0.94

7.6
14
10
24
12
-0.07
0.94

2.0
20
4
24
9
0.65
0.52

0.8
21
3
24
7
0.25
0.80

Can

AbC

USS

UST

YR
SC

Can

AbC
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Duration of single-stratum bouts – two strata

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

OR
UST
SC

YR
UST
SC

2.9
5
3
8
4
-0.21
0.84

6.9
4
4
8
6
0.38
0.70

3.8
7
5
12
6
-0.21
0.84

10.3
8
4
12
5
-0.58
0.56

5.6
6
4
10
6
0.00
1.00

8.1
6
4
10
8
1.19
0.23

3.5
9
5
14
10
1.26
0.21

10.9
9
5
14
8
0.04
0.96

Stratum selection
Results of Runs tests performed on the percentage of flight observations made in each
of three strata — understorey (US; understorey shrub and tree strata pooled), subcanopy
(SC) and canopy (Can) — for bats included in the stratum selection study. Tests were
performed for Circle30 and Circle50, in logging treatments considered separately and
pooled. Above-canopy observations were excluded. The mean percentage was used as
the cut point. OR, old regrowth; YR, young regrowth.

Circle30
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
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US

OR
SC

Can

29.6
9
4
13
9
1.36
0.18

59.6
6
7
13
9
0.61
0.55

10.9
9
4
13
5
-0.72
0.47

US

YR
SC

Can

Pooled sites
US
SC
Can

42.2
7
5
12
8
0.42
0.68

42.5
5
7
12
6
-0.21
0.84

15.4
9
3
12
7
0.84
0.40

35.6
16
9
25
16
1.33
0.19

51.4
11
14
25
14
0.08
0.94

13.1
18
7
25
11
0.00
1.00
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Circle50
Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

US

OR
SC

Can

24.1
6
4
10
6
0.00
1.00

61.4
6
4
10
2
-2.32
0.02

14.6
7
3
10
3
-1.39
0.16

US

YR
SC

Can

28.1
5
2
7
4
0.00
1.00

48.1
4
3
7
4
0.00
1.00

23.9
5
2
7
5
0.68
0.49

Pooled sites
US
SC
Can
25.8
10
7
17
8
-0.38
0.70

55.9
9
8
17
6
-1.49
0.14

18.4
12
5
17
5
-1.57
0.12

Study 2 – unthinned and thinned regrowth

Stratum use, stratum breadth, number of flight observations per stratum change,
number of single-stratum bouts for pooled and five strata, and bout duration for pooled,
five and two strata
Results of Runs tests performed on flight observations made in each of five strata —
understorey shrub (USS), understorey tree (UST), subcanopy (SC), canopy (Can) and
above-canopy (AbC) — for analysis of stratum use, stratum breadth, the number of
flight observations per stratum change, the number of single-stratum bouts in pooled
and five strata, and the duration of these flight bouts in pooled, five and two strata. Tests
were performed for Circle30, in separate logging treatments. The mean percentage was
used as the cut point. *, no Runs test was performed, as all values were equal.

Stratum use

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

USS
0.2
11
2
13
3
-1.08
0.28

Unthinned
UST
SC
Can
2.8
2.8
1.2
8
5
10
5
8
3
13
13
13
4
6
2
-1.63 -0.40 -2.64
0.10 0.69 0.01

AbC
0.2
11
2
13
5
0.14
0.89

USS
0.0
0
9
9
1*

UST
5.2
4
5
9
6
0.04
0.97

Thinned
SC
3.1
5
4
9
5
0.00
1.00

Can
0.2
8
1
9
3
0.00
1.00

AbC
0.0
0
9
9
1*
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Stratum breadth

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

Unthinned
2.8
5
8
13
4
-1.63
0.10

Thinned
1.9
2
7
9
4
0.00
1.00

Number of flight observations per stratum change

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

Unthinned
2.1
8
5
13
8
0.21
0.83

Thinned
4.6
7
2
9
4
0.00
1.00

Number of single-stratum bouts – pooled strata

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
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Unthinned
3.6
7
6
13
6
-0.56
0.58

Thinned
2.4
6
3
9
5
0.00
1.00
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Number of single-stratum bouts – five strata

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

USS
0.2
11
2
13
3
-1.08
0.28

Unthinned
UST
SC
Can
1.2
1.5
0.6
10
9
7
3
4
6
13
13
13
4
7
4
-0.95 0.00 -1.73
0.34 1.00 0.08

AbC
0.2
11
2
13
5
0.14
0.89

USS
0.0
0
9
9
1*

UST
1.3
7
2
9
5
0.43
0.67

Thinned
SC
1.0
2
7
9
4
0.00
1.00

Can
0.1
8
1
9
3
0.00
1.00

AbC
0.0
0
9
9
1*

Thinned
SC
3.8
6
3
9
5
0.00
1.00

Can
0.2
8
1
9
3
0.00
1.00

AbC
0.0
0
9
9
1*

Duration of single-stratum bouts – pooled strata

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

Unthinned
2.3
7
6
13
9
0.61
0.54

Thinned
6.4
5
4
9
8
1.49
0.14

Duration of single-stratum bouts – five strata

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

USS
0.2
11
2
13
3
-1.08
0.28

Unthinned
UST
SC
Can
2.3
2.6
0.8
9
7
7
4
6
6
13
13
13
5
9
4
-0.72 0.61 -1.73
0.47 0.54 0.08

AbC
0.2
11
2
13
5
0.14
0.89

USS
0.0
0
9
9
1*

UST
5.7
5
4
9
6
0.04
0.97
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Duration of single-stratum bouts – two strata

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P

Unthinned
UST
SC
2.3
2.6
9
7
4
6
13
13
5
9
-0.72 0.61
0.47 0.54

Thinned
UST
SC
3.4
4.9
5
5
2
2
7
7
3
5
-0.38 0.68
0.70 0.49

Stratum selection
Results of Runs tests performed on the percentage of flight observations made in each
of three strata — understorey (US; understorey shrub and tree strata pooled), subcanopy
(SC) and canopy (Can) — for bats included in the stratum selection study. Tests were
performed for Circle30, in logging treatments considered separately and pooled. Abovecanopy observations were excluded. The mean percentage was used as the cut point.

Mean
Cases < Mean
Cases ≥ Mean
Total Cases
No. of Runs
Z
P
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US
49.6
5
3
8
4
-0.21
0.84

Unthinned
SC
40.8
5
3
8
3
-1.03
0.30

Can
9.6
4
4
8
4
-0.38
0.70

Thinned
US
SC
Can
62.6
34.6
2.9
3
5
7
5
3
1
8
8
8
5
5
3
0.00
0.00
0.00
1.00
1.00
1.00

Pooled sites
US
SC
Can
56.1
37.7
6.2
8
8
11
8
8
5
16
16
16
7
7
7
-0.78 -0.78 -0.23
0.44
0.44
0.82

Appendix Q

Appendix Q. T-test comparisons of stratum selection for Vespadelus vulturnus between
pairs of strata, followed by simplified ranking matrices (Aebischer et al. 1993). T-tests
were conducted following a significant test for non-random use for all three strata.
Significance levels were obtained by randomisation with 1000 data permutations,
including original data. Therefore, the minimum P-value = 0.001. Signs in the ranking
matrix refer to the sign of the mean difference, which changes depending on which of
the pair is the numerator and denominator. A single sign represents a non-significant
difference, while a triple sign represents a significant difference at P ≤ 0.05.
Study 1: old and young regrowth pooled - Circle30
Strata pair
t
d.f. P (rand.)
Mean diff.
US/SC
-0.920
24
> 0.05
-0.822
US/Can
3.617
24
< 0.01
3.428
SC/Can
6.143
24
0.001
4.250

Stratum type (numerator)
US
SC
Can

Stratum type (denominator)
US
SC
+
-----

Lower CI
-2.666
1.472
2.822

Can
+++
+++

Study 1: old and young regrowth pooled - Circle50
Strata pair
t
d.f. P (rand.)
Mean diff.
US/SC
-3.559
16
0.001
-2.085
US/Can
2.605
16
< 0.05
3.129
SC/Can
6.157
16
0.001
5.213

Stratum type (numerator)
US
SC
Can

Stratum type (denominator)
US
SC
--+++
-----

Stratum type (numerator)
US
SC
Can

Stratum type (denominator)
US
SC
+++
-------

Rank
1
2
0

Lower CI
-3.326
0.583
3.418

Can
+++
+++

Study 2: unthinned and thinned regrowth pooled - Circle30
Strata pair
t
d.f. P (rand.)
Mean diff.
US/SC
2.752
15
< 0.01
1.930
US/Can
7.657
15
0.001
5.720
SC/Can
5.683
15
0.001
3.791

Upper CI
-0.843
5.675
7.009

Rank
1
2
0

Lower CI
0.435
4.128
2.369

Can
+++
+++

Upper CI
1.023
5.385
5.678

Upper CI
3.425
7.313
5.212

Rank
2
1
0
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